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ABSTRACT!This!thesis!describes!investigations!into!unconventional!pincer!systems!incorporating!nonTclassical!central!donor!groups.!Direct!reaction!of!the!oTphenylenediamineTbased!borane!HB(NCH2PPh2)2C6H4!(dppBH)!with!metal!complexes!and!subsequent!ligand!manipulations!have!provided!novel!ruthenium!and,!for!the!first!time,!osmium!boryl!pincer!complexes.!The!boryl!complexes![Cl(CO)(PPh3)M(dppB)]!(M!=!Ru,!Os)!have!been!observed!to!undergo!various!reactions!involving!the!chloride!and!triphenylphosphine!coTligands!to!give!new!complexes![X(CO)(PPh3)Ru(dppB)]!(X!=!I,!H)!and![X(CO)(L)Os(dppB)]!(X!=!H,!L!=!PPh3;!X!=!Cl,!L!=!CNC6H2Me3).!The!ruthenium!complex![H(CO)(PPh3)Ru(dppB)]!was!subsequently!found!to!react!with!carbon!disulfide!and!carbon!monoxide!to!give!the!complexes![(κ2S,S’TS2CH)(CO)Ru(dppB)]!and![H(CO)2Ru(dppB)],!respectively.!!Further!reactions!of!dppBH!with!complexes![MCl2(PPh3)3]!resulted!in!the!first!examples!of!σTborane!pincer!complexes!of!the!form![Cl2(PPh3)M(η2THBdpp)]!(M!=!Ru,!Os),!which!represent!intercepted!intermediates!in!the!B–H!activation!process,!affording!rare!structural!data!for!an!osmium!σTborane!complex.!The!B–H!bond!of!the!ruthenium!complex!could!be!readily!cleaved!upon!ligand!manipulation,!such!as!substitution!of!triphenylphosphine!with!the!πTacidic!ligands!CO!and!CNC6H2Me3,!which!gave!the!disubstituted!boryl!complexes![Cl(L)2Ru(dppB)]!(L!=!CO,!CNC6H2Me3,!respectively)!via!spontaneous!loss!of!HCl.!Attempts!to!isolate!a!1,8TdiaminonaphthaleneTbased!borane!analogue!of!dppBH!proved!unsuccessful,!though!the!substituted!2,3Tdihydroperimidine!H2C(NCH2PPh2)2C10H6!(PhDHP)!was!obtained!as!a!sideTproduct!in!one!case.!Further!investigations!into!this!compound!resulted!in!the!development!of!a!convenient!oneTpot!synthesis,!which!could!be!extended!to!the!cyclohexyl!analogue!H2C(NCH2PCy2)2C10H6!(CyDHP).!These!dihydroperimidines!were!observed!to!react!with!various!platinum!group!metal!complexes!to!give!novel!NTheterocyclic!carbene!(NHC)!pincer!complexes!via!double!geminal!C–H!activation!of!the!central!methylene!group,!providing!the!first!examples!of!perimidineTbased!NHC!inclusion!as!the!central!equatorial!group!of!a!pincer!system.!!Reactions!of!dihydroperimidines!with!d6!group!8!complexes![MCl2(PPh3)3]!(M!=!Ru,!Os)!have!thus!provided!the!novel!ruthenium!and!osmium!pincer!NHC!complexes!
![Cl2(C4H8O)Ru(CyPCNHCP)]!and![HCl(PPh3)Os(RPCNHCP)]!(R!=!Ph,!Cy)!where!RPCNHCP!=!
κ3TP,C,P’TC(NCH2PR2)2C10H6.!The!ruthenium!complex!was!subsequently!found!to!react!with!carbon!monoxide!and!mesityl!isocyanide!to!give!the!complexes![Cl2(L)Ru(CyPCNHCP)]!(L!=!CO,!CNC6H2Me3,!respectively).!However,!reactions!of!PhDHP!with![RuCl2(PPh3)3]!and!CyDHP!with![RuCl(R’)(CO)(PPh3)2],!where!R’!=!Ph!or!
trans,CH=CHPh,!did!not!result!in!C–H!activation!but!rather!gave!asymmetric!PNP!coordinated!complexes![Cl2(PPh3)Ru(PhPNP)]!and![Cl(R’)(CO)Ru(CyPNP)],!respectively,!where!RPNP!=!κ3TP,N,P’TCH2(NCH2PR2)2C10H6!(R!=!Ph,!Cy).!For!the!latter!complex!in!which!R’!=!Ph,!however,!C–H!activation!could!be!induced!thermally!to!give!the!NHC!complex![HCl(CO)Ru(CyPCNHCP)]!via!loss!of!benzene.!Reactions!of!PhDHP!and!CyDHP!with![RhCl(PPh3)3]!gave!the!16Telectron!rhodium!NHC!complexes![ClRh(RPCNHCP)],!and!their!reactivity!was!investigated!via!coTligand!manipulations.!The!complex![ClRh(CyPCNHCP)]!was!observed!to!undergo!an!oxidative!addition!reaction!with!dichloromethane!to!give![Cl2(CH2Cl)Rh(CyPCNHCP)],!and!reversible!addition!of!carbon!monoxide!and!carbon!disulfide.!The!carbon!disulfide!adduct![Cl(η2TCS2)Rh(CyPCNHCP)]!was,!however,!stable!enough!for!full!spectroscopic!characterisation!and!a!crystallographic!study.!A!preliminary!study!of!the!use!of![ClRh(PhPCNHCP)]!as!a!catalyst!revealed!that,!while!this!complex!was!not!particularly!efficient!for!most!of!the!reactions!investigated,!in!some!cases!simple!modifications!of!the!coTligands!could!substantially!improve!catalytic!activity.!Reactions!of!the!proTligands!with!iridium!precursors!instead!favoured!the!formation!of!coordinatively!saturated!complexes.!The!reaction!of!CyDHP!with![IrCl(COE)2]2!resulted!in!the!iridium(III)!NHC!complex![H2ClIr(CyPCNHCP)],!while!reaction!with![IrCl(CO)(PPh3)2]!afforded!the!σTperimidinyl!hydrido!complex![HCl(CO)Ir{CH(NCH2PCy2)2C10H6}],!resulting!from!oxidative!addition!of!only!one!C–H!bond!to!the!metal!centre.!This!was!subsequently!shown!to!readily!form!the!NHC!complex![HCl(CO)Ir(CyPCNHCP)]+!upon!hydride!abstraction.!It!became!apparent!that,!upon!reaction!of!the!dihydroperimidine!proTligands!with!metal!complexes,!carbene!formation!occurs!more!readily!for!electronTrich!systems,!otherwise!resulting!in!either!single!or!no!C–H!activation.!These!observations!have!provided!some!insight!into!the!mechanism!of!NHC!formation!via!chelateTassisted!C–H!activation!of!these!precursors.!
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ABBREVIATIONS!
!
GENERAL!!Me,!Et,!Pr,!Bu! ! methyl,!ethyl,!propyl,!butyl!Ph,!Cy! ! ! phenyl,!cyclohexyl!Mes! ! ! mesityl!(2,4,6Ttrimethylphenyl)!Ac! ! ! acetyl!Ts! ! ! tosyl!(4Ttoluenesulfonyl)!Ar! ! ! aryl!MLn! ! ! generalised!metal!fragment!(M)!with!n!ligands!(L)!R! ! ! generalised!organic!group!
nTR,!nR!! ! normal!R!
iTR,!iR! ! ! isoTR!
tTR,!tR! ! ! tertiaryTR!
mer1 1 1 meridional!
fac! ! ! facial!cat.! ! ! catalyst! !r.t.! ! ! room!temperature!TLC! ! ! thin!layer!chromatography!NHC! ! ! NTheterocyclic!carbene!!
SPECTROSCOPY/SPECTROMETRY!COSY! correlation!spectroscopy!HMBC! heteronuclear!multipleTbond!correlation!HSQC! heteronuclear!single!quantum!coherence!!NMR! nuclear!magnetic!resonance!s,!d,!t,!tv,!br! singlet,!doublet,!triplet,!virtual!triplet,!broad!ppm! parts!per!million!
δ! chemical!shift,!expressed!in!ppm!nJAB! nTbond!coupling!between!nuclei!A!and!B,!expressed!in!Hz!ESITMS! electrospray!ionisation!mass!spectrometry!
m/z1 massTtoTcharge!ration!
!IR! infrared!!
SOLVENTS,!REAGENTS!AND!LIGANDS!COA! ! ! cyclooctane!COD! ! ! 1,5Tcyclooctadiene!COE! ! ! cylcooctene!Cp! ! ! η5Tcyclopentadienyl!DBU! ! ! 1,8TDiazabicyclo[5.4.0]undecT7Tene!DCM! ! ! dichloromethane!!DCE! ! ! dichloroethane!MeCN! ! ! acetonitrile!nbd! ! ! norbornadiene!py! ! ! pyridine!tpy! ! ! terpyridine!THF! ! ! tetrahydrofuran!EYE’! tridentate!ligand!coordinated!via!EYE’!groups,!e.g.!a!PCP!ligand!is!a!phosphorusTcarbonTphosphorus!coordinated!ligand!!(dppB)MLn!=!! ! ! ! (η2THBdpp)MLn!=!!!!!PhDHP!=!!!!!! ! ! ! CyDHP!=! ! ! !!!!(RPCNHCP)MLn!=!! ! ! ! (RPNP)MLn!=!!!!!(CyPCHP)MLn!=!!!
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COMPLEXES!The!complexes!in!this!thesis!are!numbered!according!to!the!following!scheme:!!
L.number! ! refers!to!literature!compounds!
Chapter.number! refers!to!compounds!prepared!in!this!work.!Subscripts!X!or!Y!refer!to!a!proposed!intermediate!in!the!formation!of!the!relevant!complex.!!Line!formulae!for!complexes!prepared!in!this!work!are!written![LnM(pincer)]!rather!than!the!conventional![MLn(pincer)]!in!order!to!emphasise!the!pincer!ligand.!! !
!! !
CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 1!!
CHAPTER!1 !
INTRODUCTION:!PINCER&COMPLEX'OVERVIEW!
! !
CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 2!Tridentate!intramolecular!coordination!systems!have!been!an!important!theme!in!the!development!of!organometallic!chemistry.!Prior!to!the!development!of!meridionally!coordinating!ligands,!studies!focused!on!facially!coordinating!scorpionateTtype!ligands,!which!enforce!an!octahedral!geometry!on!their!complexes.1!For!late!transition!metals,!however,!the!mer!coordination!of!pincer!ligands!is!better!suited!to!the!tendency!to!adopt!a!square!planar!geometry.!The!high!stability!and!variability!offered!by!pincer!systems!has!led!to!applications!in!an!extensive!range!of!fields.2T7!
1.1! Pincer!Ligand!Features!The!first!pincer!complexes!are!widely!attributed!to!Moulton!and!Shaw,!who!reported!a!new!type!of!tridentate!chelating!system!by!metallation!of!the!PCP!pincer!proTligand!2,6Tbis[(diTtTbutylphosphino)methyl]benzene8!(Figure!1.1).!In!these!articles,!the!term!“pincer!ligand”!is!used!to!refer!to!an!ECE!tridentate!coordinating!ligand,!where!E!is!a!neutral!twoTelectron!donor!and!C!is!the!anionic!aryl!carbon!atom!of!a!2,6Tdisubstituted!phenyl!ring.!!!
!
Figure11.1:1Selected1complexes1L.1a,b,1L.2a,1L.3a1from1Moulton1and1Shaw’s1seminal1pincer1
report.1However,!use!of!the!term!“pincer”!has!evolved!in!recent!years!to!encompass!a!greater!variety!of!complexes!(Figure!1.2).!These!include!pincer!ligands!with!nonTanionic!and!nonTcarbon!central!Y!groups,!anionic!equatorial!E!groups,!and!backbones!that!are!not!necessarily!aromatic!or!indeed!cyclic.!With!this!in!mind,!examples!of!tridentate!PNP!ligands!which!may!be!classed!as!pincers!appear!in!the!literature!as!early!as!1968.9,10!The!use!of!the!“pincer”!classification!varies!considerably!between!papers,!and!while!some!authors!define!pincers!as!ligands!that!coordinate!in!a!meridional!fashion,!others!will!only!go!so!far!as!to!say!that!they!usually!adopt!such!a!configuration.!Clearly,!the!term!“pincer”!is!not!strictly!defined.!As!Goldman,!Brookhart!and!colleagues!wrote!in!a!recent!review!on!the!topic,11!paraphrasing!U.S.!Supreme!
PtBu2
PtBu2
M X M = Ni (L.1), Pd (L.2), Pt (L.3)X = Cl (a), Br (b)
CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 3!Court!Justice!Potter!Stewart,!“I!could!never!succeed!in!intelligibly!defining![the!term!in!question]!but!I!know!it!when!I!see!it.”!!
!
Figure11.2:1General1structure1of1a1pincer1complex.1! In!any!case,!Moulton!and!Shaw’s!report!is!widely!regarded!as!the!seminal!work!in!what!has!become!an!extensively!researched!and!extremely!fertile!area!of!organometallic!chemistry,!and!species!that!do!not!conform!to!the!archetypal!ECE!pincer!structure!may!still!exhibit!many!of!the!same!desirable!features.!A!key!property!is!the!extraordinary!stability!imparted!by!the!rigid!tridentate!pincer!coordination!mode.!Pincer!scaffolds!can!therefore!be!used!to!exploit!the!properties!of!otherwise!reactive!ligands.!Additionally,!pincer!complexes!have!proven!to!be!exceptionally!versatile,!with!various!sites!for!modification!of!the!ligands!resulting!in!highly!“tunable”!systems.!The!choice!of!backbone,!sideTarms!A!and!axial!E!groups!can!all!influence!the!steric!restrictions!imposed!on!the!remaining!coordination!sites.!The!electronic!properties!of!the!system!can!be!readily!modified!by!the!choice!of!E!group!and!the!electronTwithdrawing!or!releasing!nature!of!its!substituents,!as!well!as!remotely!via!the!ligand!backbone.!The!choice!of!sideTarm!groups!A!may!also!be!used!to!modify!electronic!properties,!as!well!as!to!introduce!chirality.!!Such!features!have!made!pincer!ligands!attractive!candidates!for!a!variety!of!applications,!inspiring!enormous!interest!in!the!field.!The!most!prominent!use!of!pincer!complexes!is!in!catalysis,!though!there!are!several!others!ranging!from!chemical!sensors!to!materials!science!to!potential!pharmaceuticals.2T7,12!!
1.2!! Metallation!of!Pincer!Ligands!The!metallation!of!classical!carbonTbased!pincer!ligands!requires!breaking!the!central!C–R’!(R’!=!H,!CR3,!SiR3,!OR,!X)!bond!of!a!precursor.!In!general,!the!strategies!used!to!date!remain!much!as!described!by!Albrecht!and!van!Koten’s!review!on!platinum!
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CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 4!group!pincer!complexes!in!2001:!direct!cyclometallation,!transmetallation!and!transcyclometallation.7!!! The!most!convenient!method!is!direct!cyclometallation!by!C–R’!bond!activation!(Scheme!1.1),!which!has!the!advantage!of!using!a!simple!organic!precursor,!rather!than!a!prefunctionalised!organometallic!species.!This!was!the!synthetic!strategy!used!in!Moulton!and!Shaw’s!seminal!report,8!and!it!has!since!been!widely!employed.!The!facility!of!chelateTassisted!C–R’!bond!activation!depends!on!the!nature!of!the!metal!precursor!and!the!sideTarm!donor!groups.!!
!
Scheme11.1:1Direct1cyclometallation1of1typical1PCP1pincer1ligands,1R’1=1H,1CR3,1SiR3.1For!example,!the!PCP!complexes!L.1<L.3!(Figure!1.1)!were!cyclometallated!via!C–H!activation!at!the!central!aryl!carbon,!as!were!some!analogues!in!which!the!tBu!groups!are!replaced!with!phenyl13!or!cyclohexyl14T15!groups.!For!M!=!Ni,!pincer!coordination!requires!harsher!conditions!for!the!latter!two!phosphine!groups!compared!to!the!electronTreleasing!and!sterically!bulky!tBu!substituents.!Conversely,!for!M!=!Pd,!cyclometallation!of!the!phenyl!analogue!proceeds!under!much!milder!conditions!than!for!the!other!two!cases,!which!may!be!related!to!the!observed!tendency!in!the!palladium!case!to!form!polymeric!complexes!of!the!type![MX2{κ2P,P’T1,3T(PCy2CH2)2TC6H4}]n,!in!which!the!ligand!bridges!two!metal!centres.!It!was!noted!that!rearrangement!to!a!transTdiphosphine!coordinated!monomer!is!probably!necessary!to!force!the!C–H!bond!to!be!activated!into!the!vicinity!of!the!metal!centre,13T14!thus!strongly!binding!phosphine!donors!can!in!fact!inhibit!C–H!activation.!For!M!=!Pt,!the!tendency!to!isolate!polymeric!products!was!even!more!pronounced!due!to!the!increased!kinetic!inertness!of!platinum.!!!
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Scheme11.2:1(a)1Reaction1of1ligand1precursor1to1give1η2,P,P1species1L.4;1(b)1reaction1of1similar1
ligand1precursor1to1give1L.51via1C–C1activation,1with1η2,P,P1species1a1proposed1intermediate.1In!some!cases!C–R’!bond!activation!will!not!occur!even!after!prolonged!heating.!The!reaction!of!1,3Tbis(diphenylphosphinomethyl)mesitylene!with!(COD)PtCl2!gave!a!
cis!coordinated!η2TP,P!species!L.4,!which!persisted!even!after!heating!overnight!(Scheme!1.2a).16!Such!bidentate!species!have!been!proposed!as!intermediates!in!the!cyclometallation!of!pincer!ligands,!such!as!in!the!reaction!of!a!similar!ligand!precursor!with![RhCl(coe)2]2,!which!in!this!case!gave!C–C!activation!under!mild!conditions!to!form!PCP!complex!L.5!(Scheme!1.2b).17!These!types!of!syntheses!of!pincer!complexes!via!C–C!activation,!as!well!as!those!involving!C–OR!activation,!have!been!studied!in!mechanistic!detail!by!Milstein!and!coTworkers,3,18!who!noted!that!for!C–C!bond!activation!the!approach!of!the!bond!to!the!metal!centre!must!be!closer!than!for!C–H!activation,!as!enforced!by!a!restrictive!intermediate!ligand!coordination.!! Direct!cyclometallation!of!NCN!ligands!is!considerably!less!common!than!for!PCP!ligands.!This!is!presumably!a!result!of!the!comparatively!weak!M–N!bond!strength!in!late!transition!metals,!as!well!as!the!reduced!sigmaTdonation!relative!to!phosphines.!Consequently,!ortho,para!bimetallic!products!tend!to!be!isolated,!rather!than!pincer!coordinated!monometallic!complexes!(Scheme!1.3a).!Substitution!of!an!SiMe3!group!at!the!CT2!position!has!been!shown!to!act!as!a!directing!group,!favouring1pincer!coordination!(Scheme!1.3b).19!Another!strategy!of!direct!NCN!metallation!involves!oxidative!addition!of!carbonThalogen!bonds.!This!has!been!comparatively!
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CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 6!little!studied!for!PCP!complexes!due!to!the!success!and!simplicity!of!direct!C–H!activation.!!
!
Scheme11.3:1Metallation1of1NCN1pincer1ligands1using1an1SiMe31group1to1favour1pincer1
coordination1(a)1over1ortho,para1doubly1metallated1products1(b).1Transmetallation,!via!lithiation!of!the!ligand!precursor,!has!also!been!found!to!be!effective!in!the!generation!of!NCN!complexes!(Scheme!1.4).!For!PCP!ligands,!however,!lack!of!selectivity!and!unstable!lithiated!species!have!hindered!the!viability!of!this!pathway.!!!
!
Scheme11.4:1Lithiation1and1subsequent1transmetallation1of1pincer1ligands.1There!are!relatively!few!examples!of!transcyclometallation,!which!involves!the!substitution!of!one!cyclometallated!ligand!with!another,!facilitated!by!the!higher!M–E!bond!strength!in!the!final!product.!This!method!is!generally!used!for!pincer!complexes!that!are!not!readily!accessible!by!other!routes,!such!as!for!generating!the!hexakis(PCPTruthenium)!complex!L.6!(Scheme!1.5).20!
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11 Scheme11.5:1Synthesis1of1a1hexakis(PCP,ruthenium)1complex1via1transcyclometallation.1! Methods!used!to!introduce!nonTclassical!pincer!ligands!into!metal!coordination!spheres!vary!depending!on!the!functional!groups!present.!PNP!ligands!are!often!based!on!central!pyridine!rings,!and!are!hence!neutral.!Consequently,!these!PNP!ligands!can!be!introduced!into!metal!coordination!spheres!by!displacement!of!neutral!ligands.!Anionic!amidoTPNP!ligands!have!been!metallated!by!direct!N–H!and!N–C!activation!and!via!transmetallation!from!lithiated!precursors.21!Limited!examples!of!PBP!pincer!complexes,!with!a!central!boryl!group,!have!been!generated!by!direct!B–H!activation!of!borane!precursors,!and!will!be!further!detailed!in!Chapter!2.!Additionally,!metallation!of!pincer!complexes!incorporating!NTheterocyclic!carbene!functionalities,!which!usually!involves!direct!or!indirect!C–H!activation!of!imidazolium!salt!precursors,!will!be!discussed!in!Chapter!3.!
1.3!! Pincer!Ligands!and!Catalysis!The!stability!and!versatility!of!pincer!complexes!has!led!to!their!incredibly!widespread!use!in!catalysis,!and!this!is!discussed!in!numerous!reviews.2T7!As!such,!this!section!will!be!restricted!to!a!few!illustrative!examples.!! Milstein!and!coTworkers!were!the!first!to!use!pincer!complexes!in!the!palladiumTcatalysed!vinylation!of!aryl!halides,22!commonly!known!as!the!Heck!reaction.23!Thermally!unstable!and!airTsensitive!catalysts!and!reaction!intermediates!
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CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 8!had!previously!hampered!this!process,!which!has!been!widely!employed!in!organic!synthesis.!Milstein’s!palladium(II)!PCP!complexes!L.7!and!L.8!(Scheme!1.6)!were!airTstable,!and!showed!very!high!catalytic!activity,!remaining!active!after!more!than!300!hours!at!140°C!with!no!noticeable!decomposition.!Since!this!report,!many!efficient!palladium!pincer!catalyst!systems!for!Heck!coupling!have!been!developed,!and!have!been!discussed!in!detail!in!several!reviews.6T7,18,24!!
!
1
Scheme11.6:1Heck1coupling1using1Milstein1and1co,workers’1Pd(II),PCP1catalysts1R1=1iPr,1tBu.1! Iridium!pincer!complexes!have!found!great!utility!in!the!catalytic!dehydrogenation!of!alkanes.!Prior!to!the!use!of!pincer!complexes!in!dehydrogenation!reactions,!catalyst!systems!had!suffered!from!poor!thermal!stability!and!low!reaction!rates.!In!1996,!Jensen,!Kaska!and!coTworkers!first!reported!the!use!of!dihydride!IrTPCP!complex!L.9!as!a!catalyst!for!alkane!dehydrogenation,25!such!as!the!conversion!of!cyclooctane!(COA)!to!cyclooctene!in!the!presence!of!sacrificial!hydrogen!acceptor!tertTbutylethylene!(TBE)!(Scheme!1.7).!This!system!was!found!to!exhibit!high!activity!and!excellent!thermal!stability.!!
!
Scheme11.7:1Cyclooctane1dehydrogenation1using1Jensen1and1Kaska’s1iridium1catalyst.1PincerTiridium!dehydrogenation!catalysts!have!since!been!explored!in!depth,!and!in!their!recent!review!on!the!topic,11!Brookhart,!Goldman!et!al.!note!that!the!structure!of!the!pincerTiridium!fragment!is!particularly!wellTsuited!to!catalysing!such!dehydrogenation!reactions.!For!example,!in!the!proposed!mechanism!of!the!above!
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CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 9!reaction!(Scheme!1.8),26!TBE!inserts!into!an!Ir–H!bond!of!L.9,!with!subsequent!reductive!elimination!yielding!tertTbutylethane!and!a!reactive!14Telectron!(PCP)Ir!species.!The!latter!undergoes!oxidative!addition!of!a!C–H!bond!of!COA!to!give!a!product!with!one!vacant!coordination!site!remaining,!facilitating!βThydride!elimination!to!give!cyclooctene!and!regenerate!L.9.!The!bulky!tertTbutyl!phosphine!substituents!crowd!the!coordination!sites!cis!to!the!central!group,!leaving!them!available!for!the!sterically!modest!hydride!ligands!acquired!during!dehydrogenation.!!
!
Scheme11.8:1Proposed1mechanism1of1COA/TBE1transfer1dehydrogenation1by1L.9+(R,C2H51=1COA).1
! Pincer!complexes!remain!promising!candidates!for!future!catalytic!developments.!For!example,!a!recent!article!has!highlighted!the!potential!for!the!use!of!pincer!systems!in!catalytic!water!splitting,!a!major!goal!in!renewable!energy!research.27!A!preliminary!result!for!this!chemistry,!reported!by!Milstein,28!involves!a!series!of!stoichiometric!reactions!using!ruthenium!PNN!pincer!complexes,!the!combination!of!which!results!in!a!cycle!generating!molecular!hydrogen!and!dioxygen,!as!summarised!in!Scheme!1.9.!Addition!of!water!to!L.10!gives!the!hydridoThydroxo!complex!L.11,!which!was!proposed!to!proceed!via!coordination!of!H2O!and!subsequent!proton!migration!to!the!pincer!ligand!sideTarm,!demonstrating!nonTinnocent!behaviour!of!the!pincer!backbone.!Complex!L.11!then!reacts!with!water!at!100°C!to!form!the!dihydroxo!complex!L.12,!releasing!dihydrogen.!Irradiation!of!L.12!
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CHAPTER!1.!INTRODUCTION:!PINCER!COMPLEX!OVERVIEW! 10!results!in!evolution!of!dioxygen!and!regeneration!of!L.11.!This!is!proposed!to!proceed!via!liberation!of!hydrogen!peroxide,!forming!a!ruthenium(0)!intermediate!which!can!convert!to!L.10!by!proton!migration.!Peroxide!may!then!be!catalytically!decomposed!(possibly!by!L.10)!to!give!molecular!oxygen!and!water,!the!latter!of!which!converts!
L.10!to!L.11.!!
!!
Scheme11.9:1Milstein’s1proposed1mechanism1for1the1formation1of1H21and1O21from1water.1
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2.1! Introduction:!Transition!Metal<Boryl!Compounds!The!term!boryl!refers!to!a!formally!anionic!sp2!BR2!species,!complexes!of!which!feature!a!covalent!twoTcentre,!twoTelectron!σ,bond!between!the!metal!centre!and!the!threeTcoordinate!boron!atom.!Transition!metal!boryl!complexes!were!first!proposed!in!1963,1!though!structurally!characterised!examples!did!not!appear!in!the!literature!until!1990,2T3!shortly!after!early!reports!of!catalytic!hydroboration!mediated!by!a!rhodium!catalyst.4!The!role!of!metalTboryls!as!reactive!intermediates!in!such!processes!has!fuelled!much!of!the!interest!in!these!complexes,!and!resulted!in!substantial!expansion!of!the!field.5T10!This!development!has!been!aided!by!the!use!of!the!catecholate!(O2C6H4T1,2)!substituent!on!boron,!which!displays!stabilisation!of!the!empty!boron!pTorbital!through!πTinteractions!with!the!oxygen!substituents!(vide1
infra).!Consequently,!catecholboryl!and!related!cyclic!boryl!ligands!represent!the!largest!group!of!boryl!complexes.!Similar!mesomeric!stabilisation!is!offered!by!amino!substituents!on!boron,!including!the!diaminophenyleneTboryl!ligand!to!be!discussed!in!this!chapter.!
2.1.1! Bonding!in!boryl!complexes!Anionic!boryl!ligands!can!be!considered!isoelectronic!to!neutral!carbene!ligands,!with!both!possessing!an!empty!pTorbital.!Boron,!however,!is!more!electropositive!than!carbon,!and!hence!boryl!ligands!exhibit!exceptionally!strong!σTdonation!(Figure!2.1a).!Additionally,!there!is!the!potential!for!πTretrodonation!into!the!empty!boron!pTorbital!from!the!metalTcentre!(Figure!2.1b)!as!well!as!from!the!boryl!substituents!R!(Figure!2.1c).!Analogously!to!the!“competitive!bonding”!model!proposed!for!metal!carbenes,11!strong!πTdonor!boryl!substituents!reduce!the!degree!of!metalTtoTboryl!backTbonding.12!For!poor!πTdonor!substituents,!a!more!electronTrich!metal!centre!is!required!to!stabilise!the!boron!centre.!The!importance!of!the!MTBR2!πTinteraction!has!been!a!topic!of!discussion!for!some!time,!though!it!is!now!generally!considered!that!it!is!relatively!weak!even!in!the!absence!of!πTdonor!substituents!on!boron.!In!particular,!DFT!calculations!have!indicated!that!the!πTcontribution!does!not!exceed!15T20%!of!the!net!bonding,!even!in!the!most!favourable!cases,!due!to!the!high!energy!of!the!vacant!boryl!acceptor!orbital!relative!to!the!corresponding!filled!metal!orbital.13!
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Figure12.1:+(a)1Metal,boryl1σ,bonding;1(b)1metal,boryl1π,bonding;1(c)1π,bonding1interaction1
between1boron1and1its1substituents1R.1Boryl!ligands!are!known!to!exert!a!particularly!strong!trans!influence!as!a!result!of!their!strong!σTdonating!properties.!This!was!investigated!theoretically!by!Marder!and!coTworkers!using!DFT!calculations,14!comparing!boryl!ligands!in!the!complex!transT[PtL(Cl)(PMe3)2]!with!other!ligands!considered!to!exhibit!a!strong!
trans!influence,!such!as!hydride,!methyl!and!silyl!ligands.!This!was!assessed!on!the!basis!of!Pt–L!and!Pt–Cl!bond!lengths.!The!boryl!ligands!were!found!to!be!among!those!that!exhibited!the!strongest!effect.!
2.1.2!! Synthesis!of!Metal<Boryl!Compounds!!
!
Scheme12.1:1Common1routes1to1transition1metal1boryl1complexes:1(a)1salt1elimination;1(b)1
oxidative1addition1of1diboranes(4);1(c)1oxidative1addition1of1hydridoboranes.1The!most!commonly!employed!methods!of!generating!transition!metal!boryl!complexes!proceed!via!salt!elimination!or!oxidative!addition!reactions.5T7!The!salt!elimination!reaction!between!a!haloborane!precursor!and!a!transition!metal!salt!of!an!anionic!complex!fragment!has!been!particularly!utilised!in!the!preparation!of!group!5T8!metal!boryl!complexes!(Scheme!2.1a).!Indeed,!this!method!was!employed!in!the!first!report!of!a!boryl!complex!by!Nöth!and!Schmid!to!give!complexes!of!manganese!and!iron.1!However,!the!formulation!of!these!products!as!boryl!complexes!has!been!somewhat!discredited!after!later!reports!of!related,!structurally!characterised!boryl!complexes!gave!contradictory!spectroscopic!data.5!These!later!reports!also!made!use!of!the!salt!elimination!method,!such!as!in!the!synthesis!of![CpFe(CO)2(BR2)]!(L.13:!BR2!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 16!=!Bcat;!L.14:!BR2!=!BPh2)!by!reactions!of!Na[CpFe(CO)2]!with!chlorocatecholborane!and!diphenylboron!bromide!(Scheme!2.2).15!!
!
Scheme12.2:1Salt1elimination1reactions1to1form1complexes1L.13+(BR21=1BCat,1X1=1Cl)1and1L.141(BR21
=1BPh2,1X1=1Br).11Oxidative!addition!of!B–X!bonds!(X!=!H,!Cl,!Br,!B,!Sn)!is!the!most!widely!applied!route!to!boryl!complexes,!and!has!been!used!to!generate!mono,!bis!and!tris(boryl)!derivatives.!This!method!generally!requires!lowTvalent!metal!precursors!containing!labile!ligands.!Of!these!oxidative!addition!pathways,!the!most!prominent!reactions!are!those!of!the!nonTpolar!B–B!bond!of!diboranes(4)!R2B–BR2!(Scheme!2.1b),!which!generally!forms!a!bis(boryl)!complex,!and!the!polar!B–H!bond!of!hydridoboranes!R2BH!(Scheme!2.1c).!The!latter!approach!was!used!to!obtain!the!first!structurally!authenticated!boryl!complexes!in!1990.!The!Ir(III)!boryl!complexes!L.15!and!L.16!were!formed!by!reactions!of!HBCat!with![IrCl(COE)(PMe3)3]!(Scheme!2.3a)!and!of!the!9TBBN!dimer!with![IrH(PMe3)4]!(Scheme!2.3b),!respectively.2T3!Oxidative!addition!of!hydridoboranes!to!metal!centres!has!since!become!an!important!synthetic!route!to!boryl!complexes.!!
!
Scheme12.3:1Iridium1boryl1complexes1via1B–H1oxidative1addition:1(a)1synthesis1of1complex1L.15!by1
Knorr1and1Merola;1(b)1synthesis1of1complex1L.161by1Baker1et1al.1! One!variant!on!the!B–H!activation!route!involves!the!reaction!of!ruthenium!and!osmium!hydrido!or!σTaryl!complexes,!wherein!subsequent!loss!of!either!dihydrogen!or!arene!returns!the!metal!to!its!original!oxidation!state.16!However,!it!has!been!noted!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 17!that!in!some!cases!it!is!difficult!to!distinguish!between!B–H!bond!activation!that!has!occurred!via!an!oxidative!addition/reductive!elimination!pathway!or!through!σTbond!metathesis.6!!!
2.1.3! Boryl<based!Pincer!Systems!Given!that!boryl!ligands!are!inclined!to!be!labile,!tending!to!behave!as!reactive!ligands!in!catalytic!processes,!the!use!of!pincer!systems!and!the!exceptional!stability!with!which!they!are!associated!has!offered!new!avenues!for!exploration!in!the!chemistry!of!metalTboryl!complexes.!Such!a!chelating!system!might,!in!principle,!sufficiently!stabilise!the!boryl!moiety!to!act!as!an!ancillary!ligand,!in!order!to!harness!its!strong!
σTdonor!abilities!for!use!in!a!wider!variety!of!catalytic!processes.!TridentateTcoordinating!boronTbased!ligands!are!a!relatively!recent!development,!with!the!first!examples!being!the!κ3Tiridaboratranes!L.17!reported!in!2005!(Figure!2.2a).17!In!this!class!of!ligands!the!central!boron!atom!acts!as!a!
σTacceptor,!and!the!reasonably!flexible!framework!may!support!both!facial!and!meridional!coordination,†!as!observed!for!the!diphosphineTborane!ligand!in!the!rhodaboratranes!L.18!and!L.19!(Figure!2.2b).18T19!
!!!!!!!!!!! !! !!
Figure12.2:1κ3,metallaboratranes1of1iridium1and1rhodium:1(a)1R1=1H,1methimazolyl;1(b)1DMAP1=1N,N,dimethylaminopyridine.1! Two!new!types!of!tridentate!boronTbased!ligand!complexes!were!reported!in!2009.!Both!of!these!involved!conventional!covalent!M–B!bonds!and!rigid!backbones!that!predispose!the!ligands!to!adopt!a!mer!configuration.!As!such,!these!complexes!may!comfortably!be!described!as!pincers.!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!†!Note!that!for!square!pyramidal!complexes!some!authors!use!the!descriptors!lateral!and!
diagonal!rather!than!facial!and!meridional.!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 18!Mirkin!and!coTworkers!presented!the!first!examples!of!carboraneTbased!pincer!systems!with!the!ligands!bis(phenylthiomethyl)T!and!bis(phenylselenomethyl)carborane!and!their!complexes!with!palladium!(L.20!and!
L.21,!Figure!2.3).20!A!relatively!long!Pd–Cl!bond!length!(2.4371(5)!Å)!was!noted!in!the!crystal!structure!of!the!bis(phenylselenomethyl)!ligand!L.21,!reflecting!the!strong!
trans!influence!of!the!boron!moiety.!Furthermore,!DFT!calculations!indicated!that!these!complexes!featured!a!single!Pd–B!bond,!with!a!strong!σTdonor!interaction!and!relatively!weak!πTbackTdonation,!as!in!a!conventional!trigonal!(rather!than!exopolyhedral)!boryl!ligand.! !
!
Figure12.3:1Carborane,based1pincer1ligands1and1complexes1by1the1Mirkin1(L.20,L.21)1and1
Nakamura1(L.22.25)1groups.1In!2011,!Nakamura!et!al.!reported!examples!of!chiral!NBN!carboraneTbased!pincers!(L.22<25,!Figure!2.3).21!The!complexes!L.23!were!found!to!show!some!activity!as!chiral!catalysts!for!the!asymmetric!conjugate!reduction!of!α,βTunsaturated!esters!and!reductive!aldol!reaction,!the!best!results!being!observed!for!R!=!H,!R’!=!iPr.!Around!the!same!time!as!Mirkin’s!report,!Nozaki!and!Yamashita!reported!the!first!examples!of!boryl!pincer!complexes,!incorporating!a!bis(diTtertTbutylphosphino)!boryl!pincer!ligand!derived!from!oTphenylenediamine.22!They!later!expanded!on!this!work!to!include!the!PPh2!and!PCy2!analogues!of!the!original!ligand.23!These!ligands!were!prepared!using!the!fourTstep!synthesis!shown!in!Scheme!2.4.!!!
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!
Scheme12.4:1Nozaki,Yamashita1ligand1synthesis,1R1=1tBu,1Ph,1Cy;1amine1=1nPr2NH,1Et2NH,1nBuNH2.1The!first!step!involves!a!reaction!between!paraformaldehyde!and!a!secondary!phosphine!to!form!a!(hydroxyalkyl)phosphine.!However,!certain!conditions!can!favour!the!reverse!reaction,!as!will!be!discussed!later!in!this!chapter!(Section!2.3.1).!The!(hydroxyalkyl)phosphine!then!undergoes!condensation!with!oTphenylenediamine!to!install!the!phosphine!arms.!This!is!followed!by!ring!closure!of!the!diamine!groups!by!treatment!with!an!excess!of!BH3.SMe2,!which!also!coordinates!BH3!groups!to!the!phosphines.!Subsequent!deprotection!of!the!phosphino!groups!using!an!amine!yields!the!final!borane!proTligand.!!!These!boranes!were!shown!to!form!boryl!complexes!via!oxidative!addition!of!the!B–H!bond!to!iridium(I)!centres!to!give!complexes!L.26<28!depicted!in!Figure!2.4.!Subsequent!ligand!addition/replacement!reactions!led!to!the!isolation!of!complexes!
L.29<31.!For!the!tertTbutyl!substituted!ligand,!the!oxidative!addition!step!occurred!readily,!with!direct!reaction!between![IrCl(COD)]2!and!the!ligand!precursor!proceeding!within!10!min!at!ambient!temperature.!For!the!phenyl!and!cyclohexyl!ligands!this!step!was!less!facile,!requiring!several!hours!in!refluxing!toluene.!Crystallographic!data!for!complex!L.29!revealed!a!significantly!longer!Ir–Cl!bond!length!than!that!of!the!classical!PCP!pincer!analogue![IrHCl(CO){2,6T(CH2PtBu2)C6H3}]!(2.5307(13)!Å!and!2.475(2)!Å,!respectively),!reflecting!stronger!σTdonation!of!the!boryl!ligand.!! !
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!
Figure12.4:1Iridium1PBP1complexes1reported1by1Nozaki1and1Yamashita.1In!2010,!our!group!reported!on!the!extension!of!this!chemistry!to!include!coordination!of!the!diphenylTsubstituted!proTligand!HB(NCH2PPh2)2C6H4!(dppBH)!to!ruthenium!centres!to!give!complex!L.32!(Scheme!2.5).24!The!metallation!of!dppBH!proceeded!under!mild!conditions!upon!reactions!with![RuCl(R)(CO)(PPh3)2]!(R!=!Ph,!CH=CH(Ph)),!with!loss!of!benzene!or!styrene.!It!was!noted!that!treatment!of!these!ruthenium!precursors!with!oTC6H4(NMe)2BH!failed!to!provide!analogous!monodentate!σTboryl!complexes,16!reflecting!a!significant!role!of!the!phosphino!donors!in!the!chelateTassisted!B–H!activation!of!dppBH.!The!phosphine!ligand!trans!to!the!boryl!group!in!the!resulting!complex!was!found!to!be!labile,!and!was!readily!replaced!by!CO!to!give!complex!L.33.!This!carbonyl!ligand!was!also!observed!to!be!labile,!with!rapid!reversion!to!L.32!occurring!upon!removal!of!the!CO!atmosphere.!The!lability!of!the!phosphine!ligand!of!L.32!has!been!demonstrated!by!further!work!in!our!group!through!facile!displacement!by!isocyanides,!to!give!complexes!of!type!L.34,!and!dithiocarbamate!to!give!complex!L.35.25!A!crystal!structure!of!the!latter!complex!revealed!a!substantially!elongated!Ru–S!distance!for!the!bond!trans1to!the!boryl!ligand!(2.545(4)!Å!relative!to!2.451(4)!Å!for!the!Ru–S!bond!trans!to!CO),!again!reflecting!the!strong!trans!influence!of!the!boryl!moiety.! !!!!!!!
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!!
Scheme12.5:1Ruthenium1PBP1complexes1reported1by1the1Hill1group,1R1=1Ph,1CH=CHPh, R’ = Mes, 
tBu, NPPh3.1Recently!the!NozakiTYamashita!group!have!coordinated!their!boryl!pincer!ligands!to!rhodium!centres!(Scheme!2.6).26!The!metallation!of!the!tertTbutyl!proTligand!by!reaction!with![RhCl(COD)]2!proceeded!analogously!to!the!reaction!with!iridium!to!give!complex!L.36.!Unlike!the!iridium!analogue,!however,!it!was!observed!that!there!appeared!to!be!some!contribution!of!a!σTborane!rhodium(I)!structure,!with!a!B–H!interaction!indicated!in!the!NMR!spectra!and!crystal!structure!(B–Rh–H!=!53°,!B…H!=!1.62!Å).27!This!contribution!evokes!the!plausibility!of!such!a!σTborane!complex,!in!which!there!is!a!threeTcentre,!twoTelectron!B–H–metal!interaction,!as!an!intermediate!B–H!activation!product.!However,!it!should!be!noted!that!even!in!the!iridium!analogue!L.26,!the!crystal!structure!shows!some!contraction!of!the!B–Ir–H!angle!(63(2)°,!B…H!=!1.89(6)!Å).!This!type!of!distortion!is!increasingly!observed!for!fiveTcoordinate!d6!complexes!devoid!of!π,acidic!ligands,!the!singlet!state!of!which!is!prone!to!a!JahnTTeller!distortion!away!from!the!idealised!trigonal!bipyramidal!geometry.!Theoretical!studies!have!found!that,!in!such!d6!ML5!complexes,!the!presence!of!a!πTdonor!ligand!(such!as!Cl)!favours!a!YTshaped!distortion!of!the!trigonal!bipyramidal!geometry!in!which!the!angle!between!the!two!remaining!pseudoTequatorial!ligands!is!contracted.28T29!!!
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!
Scheme12.6:1Rhodium1PBP1complexes1reported1by1Nozaki1and1Yamashita.1The!chloride!ligand!of!complex!L.36!could!be!exchanged!for!a!triflate!anion,!and!subsequent!reaction!with!LiCH2SiMe3!resulted!in!a!TTshaped!14Telectron!rhodium!complex!L.37.!The!stabilisation!of!such!a!highly!unsaturated!species!was!attributed!to!the!strong!trans!influence!of!the!boryl!ligand,!as!well!as!the!intermolecular!C–H!
σTcoordination!of!the!benzene!ring!of!another!molecule!observed!in!the!crystal!structure.!Unsurprisingly,!this!species!proved!to!be!highly!reactive,!reacting!rapidly!with!carbon!monoxide!and!ethylene!to!give!the!fourTcoordinate!complexes!L.38!and!
L.39,!respectively,!and!with!N2!to!give!the!dinitrogenTbridged!dimer!L.40.!Furthermore,!the!14Telectron!complex!L.37!was!found!to!undergo!oxidative!addition!of!the!polar!O–H!bonds!of!several!alcohols,!as!well!as!the!nonpolar!C–C!σTbonds!of!cyclobutanones,!under!remarkably!mild!conditions.30!Reactions!with!phenol,!3,3Tdiphenylcyclobutanol!and!benzocyclobutenone!gave!oxidative!addition!products!
L.41<43,!while!in!other!reactions!such!products!were!implicit,!such!as!in!the!decarbonylation!of!3,3Tdiphenylcyclobutanone!to!give!carbonyl!complex!L.38!and!the!corresponding!cyclopropane!(Scheme!2.7).!
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!
Scheme12.7:1Reactions1of1L.371with1alcohols1and1cyclobutanones.11Yamashita!has!also!recently!reported!ligation!of!the!tertTbutylTsubstituted!ligand!to!platinum!centres.31!Treatment!of!the!proTligand!with![Pt(COD)Cl2]!resulted!in!the!platinum(II)!chloride!complex!L.44!shown!in!Scheme!2.8.!Again,!the!strong!
trans!influence!of!the!boryl!ligand!was!manifested!in!a!greater!crystallographic!M–Cl!bond!distance!than!for!the!analogous!σTarylTbased!complex![PtCl{2,6T(CH2PtBu2)C6H3}].32!The!chloride!ligand!in!this!complex!could!then!be!readily!replaced!by!a!hydride,!through!treatment!with!sodium!borohydride!followed!by!triethylamine!to!give!complex!L.45,!or!by!triflate!and!bis(trifluoromethanesulfonyl)imide!using!the!corresponding!silver!salt!to!give!complexes!L.46!and!L.47,!respectively.!These!complexes!were!investigated!as!catalysts!for!the!hydrosilylation!of!olefinic!substrates,!though!their!activity!was!found!to!be!insufficient!for!practical!application.!!
!
1
Scheme12.8:1Platinum1PBP1complexes1reported1by1Yamashita.1! The!field!of!boryl!pincer!chemistry!clearly!remains!in!its!infancy.!However,!both!boryl!and!pincer!complexes!have!separately!attracted!a!high!level!of!interest!in!the!literature,!and!the!desirable!properties!anticipated!to!result!from!their!combination!warrants!further!investigation.!The!remarkable!reactivity!that!these!complexes!can!exhibit!has!already!been!demonstrated!in!the!limited!literature!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 24!available.!The!work!to!be!discussed!in!this!chapter!will!present!further!investigations!into!the!synthesis!and!reactivity!of!such!complexes.!
2.2! Phenylenediamine<based!Boryl!Pincer!Ligands!We!initially!sought!to!expand!on!previous!work!in!the!group!on!ruthenium!boryl!pincer!complexes,!given!the!promising!reactivity!that!had!been!observed.!This!work!employed!the!diphenylphosphinoTsubstituted!borane!dppBH!(2.1),!which!was!generated!using!the!NozakiTYamashita!synthesis,23!outlined!in!Scheme!2.4!(R!=!Ph;!amine!=!Et2NH).!This!section!discusses!chemistry!resulting!from!the!incorporation!of!this!ligand!into!ruthenium!and,!for!the!first!time,!osmium!coordination!spheres.!!
2.2.1! Chloride!Displacement!Reactions!of![Cl(CO)(PPh3)Ru(dppB)]!The!ruthenium!boryl!pincer!complex![Cl(CO)(PPh3)Ru(dppB)]!(L.32,!hereafter!referred!to!as!complex!2.2)!was!generated!via!the!route!outlined!in!Scheme!2.5,!in!which!R!is!a!styryl!group.!This!styryl!precursor!was!generated!in!situ!by!treatment!of![RuHCl(CO)(PPh3)3]!with!phenylacetylene,33!following!one!of!the!reported!methods!of!generating!2.2,24!though!minor!modifications!resulted!in!an!improved!yield!of!90%!(cf.!62%!in!the!literature).!Considering!that!previous!work!in!the!group!had!mainly!involved!displacement!of!the!triphenylphosphine!ligand!of!2.2,!initial!investigations!focussed!on!the!reactivity!of!the!chloride!ligand.!!
! !
Scheme12.9:1Reaction1of12.21with1MeI1to1give1complex12.3.1Given!the!lability!of!the!phosphine!ligand!in!2.2,!the!possibility!of!trapping!it!using!a!phosphine!scavenger!such!as!iodomethane!was!considered!as!a!means!of!generating!the!16Telectron!species![Cl(CO)Ru(dppB)],!akin!to!the!known!complex![Ru(BCat)Cl(CO)(PPh3)2].16!However,!combining!complex!2.2!with!iodomethane!in!THF!instead!resulted!in!the!replacement!of!the!chloride!ligand!by!an!iodide!to!give!complex!2.3!(Scheme!2.9).!This!exchange!resulted!in!a!small!shift!of!the!infrared!νCO!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 25!band!to!higher!frequency!(DCM:!1948!cmT1!cf.!1940!cmT1!in!the!precursor!2.2!in!DCM),!and!slight!upfield!shift!of!the!31P!NMR!resonances!to!δP!=!8.4!and!44.5!for!the!triphenyl!and!methylenediphenylphosphine!ligands,!respectively!(cf.!δP!=!10.0!and!49.6!in!2.2).!As!noted!for!2.2,!the!diphenylphosphine!groups!appear!as!a!sharp!doublet,!with12JPP!=!14!Hz,!while!the!triphenylphosphine!ligand!resonance!displays!significant!quadrupolar!broadening!due!to!its!situation!trans!to!the!boron!group.‡!The!boryl!moiety!appears!in!the!11B!NMR!spectrum!as!a!single!broad!resonance!at!60.8!ppm.!In!general,!for!the!complexes!to!be!discussed!in!this!chapter,!the!characteristic!broadness!of!the!boryl!11B!resonances!(widths!at!half!height!in!the!order!of!103!Hz)!is!such!that!coupling!is!not!normally!resolved.!!
!!!!! !
Figure12.5:11H1NMR1signals1for1the1diastereotopic1methylene1protons1of1complex12.3.1This1
spectrum1was1recorded1on1a1Mercury13001spectrometer1(1H:1300.11MHz,1C6D6,125°C).1The!low!symmetry!of!the!boryl!pincer!complex!is!manifest!in!the!1H!NMR!spectrum!as!two!distinct!resonances!for!the!diastereotopic!phosphinomethylene!protons,!which!appear!as!mutually!coupled!doublets!of!virtual!triplets!with!2JHH!=!11!Hz!and!2,4JPH!=!2T4!Hz!(Figure!2.5).!Virtual!coupling!is!a!phenomenon!observed!in!the!spectra!of!trans,M(PR3)2!complexes,35!thus!will!be!frequently!encountered!in!the!chemistry!to!be!discussed.!Due!to!the!strong!coupling!between!the!transTsituated!phosphorus!atoms,!other!nearby!nuclei!couple!to!31P!nuclei!as!if!they!were!both!equidistant,!giving!a!triplet!resonance!with!an!averaged!coupling!constant.36!Thus!the!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!‡!Boron!has!two!naturally!occurring!NMRTactive!nuclei,!10B!and!11B,!with!natural!abundances!of!19.9%!and!80.1%!and!spins!of!3!and!3/2,!respectively.!Thus!coupled!nuclei!appear!as!a!quartet!overlayed!with!a!smaller!septet.!However,!both!boron!nuclei!are!quadrupolar,!hence!these!multiplets!are!often!poorly!resolved!due!to!quadrupolar!broadening.34!!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 26!observed!JPH!value!for!each!of!the!methylene!protons!(2!and!4!Hz)!is!the!average!of!2JPH!and!4JPH.!Given!that!2JPH!values!can!be!well!below!10!Hz!for!phosphines!without!electronegative!substituents,37!it!is!therefore!unsurprising!that!the!2,4JPH!values!are!small.!!
!
Figure12.6:1Molecular1structure1of12.31(aryl1hydrogen1atoms1omitted,1phenyl1groups1simplified,1
displacement1ellipsoids1shown1at150%).+Selected1bond1lengths1(Å)1and1angles1(deg):1Ru1–B11=1
2.076(4),1Ru1–P11=12.3952(8),1Ru1–P21=12.3818(8),1Ru1–P31=12.5525(8),1Ru1–C801=11.831(3),1
B1–Ru1–P11=176.43(10),1B1–Ru1–P21=175.11(10),1B1–Ru1–I11=179.97(10),1B1–Ru1–C801=1
91.12(14),1B1–Ru1–P31=177.30(10),1P1–Ru1–P21=1151.54(3),1I1–Ru1–C801=1170.75(10),1Ru1–
B1–N11=1127.2(2),1Ru1–B1–N21=1127.1(2),1N1–B1–N21=1105.4(3).1Single!crystals!of!2.3!were!obtained!from!a!solution!in!benzene,!the!crystallographic!analysis!of!which!is!summarised!in!Figure!2.6.!The!Ru–B!bond!length!of!2.076(4)!Å!does!not!differ!significantly!from!the!value!of!2.051(15)!Å!seen!in!2.2,!though!an!increase!in!the!Ru–P!bond!lengths!can!be!observed,!perhaps!reflecting!weaker!σTdonation!from!the!phosphines!due!to!the!more!electronTrich!centre!or!simply!the!larger!size!of!the!iodide!coTligand.!The!octahedral!geometry!of!the!complex!is!somewhat!distorted!by!contractions!of!the!B–Ru–I!and!P1–Ru–P2!bond!angles!from!the!ideals!of!90°!and!180°,!respectively.!This!is!particularly!extreme!in!the!latter!case,!the!angle!of!151.54(3)°!being!a!clear!reflection!of!constraints!imposed!by!the!rigid!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 27!pincer!framework,!though!perhaps!there!is!some!contribution!of!steric!interactions!between!the!mutually!cis!diT!and!triphenylphosphine!groups.!Though!the!sum!of!angles!around!the!boron!atom!is!359.7°,!some!deviation!from!the!ideal!trigonal!planar!geometry!is!caused!by!constraints!of!the!diamino!ring!system,!resulting!in!contraction!of!the!N–B–N!angle!to!105.4(3)°,!comparable!to!the!angle!of!106.7°!in!the!free!proTligand.23,27!The!chloride!ligand!of!2.2!could!also!be!replaced!by!a!hydride!upon!treatment!with!sodium!borohydride,!resulting!in!complex!2.4!(Scheme!2.10).!The!reaction!was!carried!out!in!a!solvent!mixture!of!THF!and!ethanol,!and!gave!a!high!isolated!yield!of!93%!after!washing!the!residue!with!methanol!to!remove!salt!side!products.!The!complex!was!found!to!be!stable!to!air!as!a!solid!and!in!solution,!though!dissolution!in!CDCl3!caused!gradual!reversion!to!complex!2.2.!!!
! !
Scheme12.10:1Reaction1of12.2+with1NaBH41to1give1complex12.4,+and1reversion1of12.41to12.21with1
CDCl3.1The!formation!of!2.4!was!accompanied!by!a!large!downfield!shift!of!the!31P!NMR!resonances!to!δP!=!42.7!and!68.0!for!the!triT!and!diphenylphosphine!groups,!respectively.!Conversely,!the!infrared!νCO!frequency!was!close!to!that!of!the!precursor!at!1942!cmT1!(cf.!1940!cmT1!for!2.2!in!DCM),!though!a!shift!to!lower!frequency!might!be!expected!to!accompany!replacement!of!the!chloride!ligand!with!more!electronTdonating!hydride.!However,!it!is!worth!noting!here!that!coupling!between!νCO!and!νMH!modes!in!metal!hydrido!carbonyl!complexes!can!result!in!shifts!of!these!absorptions,!particularly!for!complexes!with!transTMH(CO)!geometries,38!and!caution!should!be!exercised!when!interpreting!the!infrared!data.!No!distinct!second!band!could!be!observed!in!this!region!that!could!be!unambiguously!assigned!to!the!νRuH!mode.!The!presence!of!a!hydride!was,!however,!confirmed!by!the!1H!NMR!spectrum,!which!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 28!displayed!a!doublet!of!triplet!resonance!at!–7.50!ppm.!The!similar!2JPH!values!of!16!and!24!Hz!suggested!that!the!hydride!was!located!cis!to!all!three!phosphines!as!drawn!in!Scheme!2.10.!The!resonances!for!the!diastereotopic!methylene!protons!were!similar!to!those!observed!in!the!2.3,!as!was!the!11B!NMR!shift!of!61.3!ppm.!!!The!formulation!of!2.4!was!confirmed!by!a!crystallographic!study!(Figure!2.7).!The!Ru–B!distance!of!2.077(6)!Å!was!comparable!to!those!observed!in!2.2!and!2.3,!while!the!Ru–P!bond!lengths!were!considerably!shorter,!perhaps!as!the!result!of!the!less!sterically!demanding!hydride!ligand.!The!hydride!ligand!was!located!in!a!difference!map!trans!to!the!carbonyl,!and!its!position!refined!without!restraints.!The!hydride!leans!toward!the!boron!atom,!resulting!in!an!acute!B–Ru–H!angle!of!70(2)°.!However,!the!large!B…H!distance!of!2.147!Å!and!a!sharp!hydride!resonance!in!the!1H!NMR!spectrum!both!suggest!little!or!no!contribution!of!a!direct!B…H!interaction.!Furthermore,!the!B–Ru–H!angle!is!only!slightly!more!contracted!than!the!B–Ru–Cl!angle!of!74.7(4)°!observed!for!2.2.!It!should!also!be!noted!that!there!is!some!uncertainty!associated!with!the!location!of!metalTbound!hydrides!due!to!their!small!amount!of!electron!density.!
!
Figure12.7:1Molecular1structure1of12.41(aryl1hydrogen1atoms1omitted,1phenyl1groups1simplified,1
displacement1ellipsoids1shown1at150%).+Selected1bond1lengths1(Å)1and1angles1(deg):1Ru1–B11=1
2.077(6),1Ru1–P11=12.3455(13),1Ru1–P21=12.3424(13),1Ru1–P31=12.4184(13),1Ru1–C801=1
1.899(5),1Ru1–H11=11.64(5),1B1–Ru1–P11=176.81(16),1B1–Ru1–P21=176.14(16),1B1–Ru1–H11=1
69.6(17),1B1–Ru1–C801=197.6(2),1B1–Ru1–P31=161.28(15),1P1–Ru1–P21=1151.22(5),1H1–Ru1–
C801=1167.2(17).1
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 29!Complex!2.4!bears!some!resemblance!to!the!highly!synthetically!versatile!complex![RuHCl(CO)(PPh3)3],!both!of!which!feature!a!hydride!ligand!and!a!triphenylphosphine!ligand!expected!to!be!labile!due!to!cis!steric!and!trans!electronic!effects.!These!features!have!been!observed!to!contribute!to!a!variety!of!transformations!of![RuHCl(CO)(PPh3)3],39!hence!similarly!rich!reactivity!was!anticipated!for!complex!2.4.!
2.2.2! Reaction!of![H(CO)(PPh3)Ru(dppB)]!with!CS2!Given!that![RuHCl(CO)(PPh3)3]!can!be!treated!with!carbon!disulfide!to!generate!a!dithioformato!complex,40!an!analogous!reaction!with!2.4!was!explored.!Though!no!reaction!was!observed!when!an!ambient!temperature!solution!of!2.4!was!treated!with!up!to!four!equivalents!of!carbon!disulfide,!the!dithioformato!complex!2.5!could!be!formed!in!good!yield!(81%)!by!stirring!2.4!in!neat!carbon!disulfide!at!reflux!(46°C)!(Scheme!2.11).!Like!the!precursor,!this!product!appeared!to!be!reasonably!stable!and!could!be!handled!in!air.!!
!
Scheme12.11:1Reaction1of12.41with1carbon1disulfide1to1give1complex12.5.1The!formation!of!2.5!was!observed!in!the!31P{1H}!NMR!spectrum!as!the!replacement!of!the!two!coupled!phosphine!peaks!of!2.4!with!a!singlet!at!δP!=!59.4!and!another!peak!corresponding!to!free!triphenylphosphine!(δP!~!–5).!The!11B!resonance!of!the!product!was!shifted!upfield!from!that!of!the!precursor,!appearing!at!53.7!ppm,!while!the!change!in!the!infrared!νCO!frequency!to!1945!cmT1!was!minimal.!!The!insertion!of!carbon!disulfide!into!the!rutheniumThydride!bond!was!confirmed!by!the!1H!NMR!spectrum,!which!showed!a!lowTfield!triplet!resonance!at!δH!=!10.99,!within!the!range!observed!for!similar!complexes!of!the!type![RuX(S2CH)(CO)L2]!(X!=!Cl,!Br,!OCOCF3,!L!=!PPh3,!PMe2Ph,!PMePh2).40!The!4JPH!value!of!4!Hz!is!also!comparable!to!those!observed!for!the!literature!complexes,!in!which!values!of!2.75T3.7!Hz!correspond!to!coupling!between!mutually!cis!phosphine!and!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 30!dithioformate!ligands.!The!corresponding!dithioformate!resonance!in!the!13C{1H}!NMR!spectrum!appears!as!a!triplet!at!237.0!ppm!(3JPC!=!6!Hz).!The!infrared!spectrum!shows!a!band!at!939!cmT1!typical!of!the!ν(CS2)asym!of!a!bidentate!dithioformate!ligand.40T41!For!monodentate!dithioformate!ruthenium!complexes,!this!stretch!tends!to!be!observed!at!higher!frequency!in!the!range!976T1040!cmT1.42T45!A!weak!band!at!1233!cmT1!is!tentatively!assigned!to!the!δ(HCS)!mode,!though!it!should!be!noted!that!this!region!is!somewhat!obscured!by!vibrations!associated!with!the!pincer!ligand,!as!is!the!region!740T820!cmT1!in!which!the!and!ν(CS2)sym!band!is!expected.! Though!several!attempts!were!made,!XTray!quality!crystals!of!complex!2.5!could!not!be!obtained,!hence!the!bidentate!binding!mode!of!the!dithioformate!ligand!depicted!in!Scheme!2.11!could!not!be!confirmed!structurally.!However,!this!formulation!is!supported!by!the!infrared!data!and!the!availability!of!two!coordination!sites!for!the!HCS2!ligand.!
2.2.3!! Reaction!of![H(CO)(PPh3)Ru(dppB)]!with!CO!The!ready!displacement!of!the!triphenylphosphine!ligand!of!2.2!with!carbon!monoxide!discussed!in!Section!2.1.3!(see!Scheme!2.5)!prompted!investigations!into!a!similar!ligand!exchange!with!complex!2.4.!This!reaction!was!much!less!facile!than!the!reaction!of!2.2,!with!full!conversion!to!complex!2.6!(Scheme!2.12)!requiring!a!week!of!heating!to!60°C!under!a!CO!atmosphere.!The!more!electronTrich!metal!centre!of!2.4!is!presumably!more!inclined!to!coordinate!a!second!πTacidic!CO!ligand!than!2.2,!and!so!the!difference!in!reactivity!most!likely!reflects!a!kinetic!retardation!due!to!a!decreased!lability!of!the!triphenylphosphine!ligand!to!dissociatively!afford!the!requisite!16Telectron!intermediate![H(CO)Ru(dppB)].§!
11
Scheme12.12:1Reaction1of12.41with1CO1to1give1complex12.6.1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!§!Coordinatively!saturated!18Telectron!complexes!generally!favour!dissociative!ligand!substitution.!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 31!Once!formed,!complex!2.6!was!considerably!more!stable!than!the!chloro!analogue!L.33,!persisting!in1vacuo!with!no!observed!reversion!to!2.4,!and!could!be!handled!in!air.!The!diTtertTbutylphosphino!analogue!of!this!complex,!L.48,!has!also!been!very!recently!reported!by!Yamashita!via!an!alternative!route!(Scheme!2.13).46!
!
Scheme12.13:1Yamashita’s1generation1of1L.48,1the1PtBu21analogue1of12.6.1The!product!appeared!in!the!31P{1H}!NMR!spectrum!as!a!lowTfield!singlet!at!δP!=!72.6,!while!the!11B!resonance!at!δB!=!61.2!was!very!close!to!that!of!the!precursor!2.4.!The!1H!NMR!spectrum!showed!a!triplet!resonance!for!the!hydride!at!–8.20!ppm!(2JPH!=!23!Hz),!as!well!as!a!pair!of!diastereotopic!methylene!resonances,!indicating!a!cisTdicarbonyl!stereochemistry!of!2.6!as!depicted!above,!rather!than!formation!of!a!C2v1
transTdicarbonyl!isomer.!The!13C{1H}!NMR!spectrum!further!supported!this!coordination,!displaying!two!distinct!RuCO!resonances!at!200.8!and!204.0!ppm.!The!infrared!spectra!(Figure!2.8),!however,!were!more!complex!than!anticipated!for!a!single!isomer!of!2.6,!consistently!showing!more!than!three!bands!in!the!metalTcarbonyl/rutheniumThydride!region.!A!deconvolution!of!the!solidTstate!spectrum!revealed!six!distinct!absorptions!at!2044,!2002,!1962,!1956,!1896!and!1883!cmT1.!When!crystals!of!the!cisTdicarbonyl!isomer!of!2.6!were!obtained!(vide1infra),!their!KBr!spectrum!showed!mainly!peaks!at!2001!and!1962!cmT1,!with!shoulders!at!1956!and!1899!cmT1.!However,!when!these!were!dissolved!in!DCM,!four!convoluted!bands!were!observed!as!before.!It!was!therefore!speculated!that!interconversion!between!the!cisT!and!transTdicarbonyl!isomers!was!occurring!in!solution,!and,!given!that!only!one!complex!was!observed!in!the!1H!and!31P!and!13C!NMR!spectra,!that!it!was!rapid!on!these!NMR!time!scales.**!Even!when!an!NMR!sample!was!cooled!to!–80°C!to!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!**!A!dynamic!process!is!fast!on!the!NMR!time!scale!if!the!interconversion!between!forms!A!and!B!is!more!rapid!than!the!difference!in!frequency!between!the!resonances!for!A!and!B,!and!hence!the!“NMR!time!scale”!depends!on!the!nuclei!being!observed!and!the!field!strength.!The!peaks!observed!in!the!resulting!spectrum!are!averages!of!the!resonances!for!A!and!B.!!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 32!retard!this!dynamic!process,!31P{1H}!(121.4!MHz)!and!1H!(299.9!MHz)!NMR!spectra!showed!no!obvious!signs!of!peak!separation.!!
!
Figure12.8:1Solid,state1infrared1spectrum1of1complex12.61in1KBr.1Interconversion!between!the!two!isomers!may!conceivably!proceed!via!a!formyl!intermediate.!Such!migratory!insertion!of!CO!into!a!metalThydrogen!bond!is!implicated!in!a!number!of!reactions,!and!has!long!been!a!proposed!step!in!the!catalytic!hydrogenation!of!carbon!monoxide.47T49!Reversible!carbonylation!of!metal!hydrides!has!been!demonstrated!in!the!literature,50T51!though!these!examples!are!exceedingly!rare!due!to!relative!kinetic!instability!of!formyl!species.!It!is!therefore!unsurprising!that!the!infrared!spectra!displayed!no!obvious!νCO!band!between!1630T1530!cmT1!corresponding!to!a!formyl!ligand,49!though!it!should!be!noted!that!the!region!is!partially!masked!by!absorptions!associated!with!the!pincer!ligand.!Furthermore,!formyl!1H!NMR!resonances!appear!in!the!range!δH!=!12T17,!so!a!significant!contribution!of!a!formyl!intermediate!might!give!rise!to!an!anomalous!δH!shift!for!the!observed!Ru–H!resonance,!which!does!not!appear!to!be!the!case.1From!the!infrared!spectrum!of!the!crystals,!we!could!assign!the!bands!at!2002,!1962!and!1896!cmT1!in!the!spectrum!in!Figure!2.8!to!the!cisTdicarbonyl!isomer,!and!the!remaining!bands!at!2044,!1956!and!1883!cmT1!to!the!trans!isomer.!The!bands!at!1896!and!1883!cmT1!were!assigned!to!the!νRuH!modes,!which!appear!at!particularly!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 33!low!frequency,!presumably!due!to!the!strong1trans!influences!of!the!carbonyl!and!boryl!ligands!weakening!the!Ru–H!interactions.!The!four!higher!frequency!bands!were!assigned!to!the!νCO!modes.!We!might!expect!to!observe!only!the!antisymmetric!νCO!band!for!the!trans!isomer,!due!to!the!symmetry!relationship!between!the!two!carbonyl!ligands.!The!fact!that!two!stretches!are!observed!may!be!a!result!of!a!distorted!octahedral!geometry!in!this!molecule!such!that!the!Ru–C(O)!vectors!are!not!coTlinear.!Thus!the!symmetric!νCO!mode!may!cause!a!small!change!in!dipole,!resulting!in!the!weak!band!observed!at!2044!cmT1.!
!
Figure12.9:1Calculated1structures1of1cis,dicarbonyl1and1transTdicarbonyl1isomers1of12.61
(hydrogen1atoms1other1than1hydride1omitted).1The!proposed!interconversion!between!these!trans,!and!cisTdicarbonyl!isomers!was!supported!by!DFT!calculations.††!The!structures!of!both!isomers!were!optimised!using!BP86/BS1!to!give!structures!depicted!in!Figure!2.9!(gas!phase),!with!the!cis!isomer!displaying!bond!lengths!and!angles!that!closely!matched!(within!3%!error)!those!of!the!experimentally!obtained!crystal!structure!(vide1infra),!as!shown!in!Table!2.1.!Single!point!energy!calculations!were!performed!at!the!M06/BS2!level,!and!the!
trans!isomer!found!to!be!35.6!kJ/mol!higher!in!energy!than!the!cis.!In!these!structures,!second!order!perturbation!NBO!analysis!confirmed!that!the!pTorbital!on!the!boron!atom!is!mainly!involved!in!the!N–B–N!conjugation,!as!anticipated!for!this!ligand!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!††!All!computational!work!presented!in!this!chapter!was!performed!by!Dr!Manab!Sharma,!whose!assistance!is!gratefully!acknowledged.!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 34!system,!and!thus,!despite!the!different!electronic!natures!of!the!ligands!trans!to!the!boryl!group,!the!πTinteraction!with!the!metal!is!negligible!for!both!forms.!!!
Table12.1:1Comparison1between1crystallographic1and1computational1data1for1cis,2.6+
Bond!(Å)/!Angle!(°)! Crystal!Data!! Optimised!Data! %!Error!Ru–B! 2.083(3)! 2.12! 1.78!Ru–C50! 1.950(2)! 1.94! 0.51!Ru–C60! 1.930(2)! 1.93! 0.00!Ru–P1! 2.3256(6)! 2.35! 1.03!Ru–P2! 2.3218(6)! 2.35! 1.21!Ru–H! 1.62(3)! 1.67! 3.09!C50–O1! 1.143(3)! 1.17! 2.36!C60–O2! 1.14(1)! 1.17! 2.63!P1–Ru–P2! 150.37(2)! 152.4! 1.35!P1–Ru–B1! 75.45(8)! 76.68! 1.64!P2–Ru–B1! 75.55(7)! 76.68! 1.48!B–Ru–H! 79.7(9)! 78.5! 1.57!C50–Ru–C60! 96.96!(10)! 98.44! 0.49!! The!calculated!infrared!spectra!in!the!gas!phase!resulted!in!a!pattern!of!νCO!bands!that!is!in!good!agreement!with!experimental!data!(Figure!2.10).!For!the!cis!isomer,!bands!at!2000!and!1961!cmT1!correspond!to!the!symmetric!and!asymmetric!stretches,!respectively,!and!are!very!close!to!the!experimental!values.!For!the!trans!isomer,!the!symmetric!stretch!gives!a!weak!band!at!2011!cmT1!due!to!a!nonTlinear!!!!!C–Ru–C!angle!(157.97°),!while!the!asymmetric!stretch!gives!a!strong!band!at!1953!!cmT1.!The!vRuH!band!at!1860!cmT1!for!the!cis!isomer!is!not!too!far!removed!from!the!experimental!value,!though!the!band!at!1746!cmT1!for!the!trans!isomer!is!at!a!much!lower!frequency.!This!could!perhaps!be!attributed!to!the!difference!between!the!gas!and!solution/solid!phases,!as!solvation!is!known!to!affect!νCO!modes.!!
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1
Figure12.10:1Calculated1infrared1spectra1of1cis,dicarbonyl1and1trans,dicarbonyl1isomers1of12.6+in1
the1gas1phase,1overlayed1with1experimental1spectrum1of12.61in1solution,state1(DCM).1As!indicated!above,!complex!2.6!crystallised!in!the!cisTdicarbonyl!form,!as!depicted!in!Figure!2.11.!There!was!positional!disorder!observed!between!the!hydride!ligand!and!a!carbonyl,!which!at!first!seemed!like!it!might!reflect!coTcrystallistion!of!the!
transTdicarbonyl!complex.!However,!refining!the!occupancies!of!the!carbonyl!ligands!indicated!that!it!was!the!carbonyl!ligand!situated!trans!to!the!hydride!that!was!participating!in!this!disorder,!and!hence!both!configurations!were!that!of!the!cisTdicarbonyl!complex.!The!position!of!H1!was!refined!without!restraints,!displaying!a!significantly!less!contracted!B–Ru–H!angle!(79.7(9)°)!than!in!the!precursor!2.4!(70(2)°).!The!Ru–B!length!is!comparable!to!those!observed!for!complexes!2.2<2.4,!with!contraction!of!the!Ru–P!distances!again!accompanying!a!decrease!in!the!steric!congestion!upon!replacement!of!PPh3!with!a!CO!ligand.!The!presence!of!two!π,acidic!CO!ligands,!rather!than!one,!results!in!increased!Ru–CO!bond!lengths!of!1.950(2)!and!1.930(3)!Å!relative!to!that!observed!in!2.4!(1.899(5)!Å),!with!the!particularly!elongated!distance!of!Ru–C50!reflecting!the!enhanced!transTinfluence!of!the!boryl!
cm-1 
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 36!group!compared!to!the!hydride.!The!Ru–B!and!Ru–C!distances!of!2.6!are!all!comparable!to!those!of!the!aforementioned!tertTbutyl!analogue,!as!is!the!P1–Ru–P2!angle.!Given!that!this!angle!is!similar!to!those!of!complexes!2.3!and!2.4,!it!appears!that!the!observed!contraction!from!180°!is!caused!primarily!by!the!restrictive!pincer!ligand!geometry,!and!interactions!between!cis!and!trans!phosphine!groups!in!the!latter!complexes!do!not!significantly!contribute!to!this!distortion.!
!
Figure12.11:1Molecular1structure1of12.61(aryl1hydrogen1atoms1omitted,1displacement1ellipsoids1
shown1at150%).1Positional1disorder1was1observed1between1the1hydride1and1C(60)O(2)1ligands,1
and1this1was1modelled1as1two1distinct1H–Ru–C–O1moieties1with1partial1occupancies1of10.961and1
0.04.1The1CO1and1H1ligands1with10.961occupancies1are1shown.1Selected1bond1lengths1and1angles1
are1given1in1Table12.1.11
2.2.4! Other!Attempted!Reactions!of![H(CO)(PPh3)Ru(dppB)]!Despite!the!promising!result!of!the!above!reaction!with!carbon!disulfide,!complex!2.4!appeared!to!be!remarkably!reluctant!to!undergo!other!clean!reactions!involving!the!hydride!and/or!triphenylphosphine!ligand.!A!number!of!reactions!were!attempted,!as!summarised!in!Scheme!2.14.!Many!of!these!were!inspired!by!known!reactions!of![RuHCl(CO)(PPh3)3].!For!example,!the!reaction!of![RuHCl(CO)(PPh3)3]!with!phenylacetylene!proceeds!at!ambient!temperature!to!give!the!corresponding!fiveTcoordinate!transTstyryl!complex!within!30!minutes.33!However,!treatment!of!complex!
2.4!with!phenylacetylene!under!similar!conditions!resulted!in!no!reaction!after!24!hours,!while!heating!to!reflux!in!toluene!gave!a!complex!mixture!of!products!that!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 37!could!not!be!separated,!though!some!free!triphenylphosphine!was!observed!in!the!31P!NMR!spectrum!of!the!reaction!mixture.!!This!type!of!outcome!was!observed!when!2.4!was!treated!with!a!variety!of!reagents,!yielding!no!reaction!at!room!temperature,!and!complex!mixtures!when!heated!to!temperatures!ranging!from!mild!(50°C)!to!high!(110°C).!In!several!other!cases,!no!reaction!was!observed!even!at!elevated!temperatures,!while!reactions!with!the!electrophiles!mesityldiazonium!tetrafluoroborate!and!triflic!acid!proceeded!more!readily,!but!still!resulted!in!mixtures!of!products!that!were!difficult!to!separate,!though!again!some!generation!of!free!triphenylphosphine!was!observed!by!31P!NMR!spectroscopy.!!Treatment!of!2.4!with!mesityl!isocyanide!was!investigated!due!to!an!analogous!reaction!of!2.2!in!which!triphenylphosphine!was!readily!displaced!(Scheme!2.5).25!However,!as!with!carbon!monoxide,!no!reaction!was!observed!at!room!temperature,!and!in!this!case!heating!did!not!give!a!major!isolable!product.!!
!!
Scheme12.14:1Results1of1attempted1reactions1of12.41with1various1reagents.1A!reaction!of!2.4!with!NTmethylTNTnitrosoTpTtoluenesulfonamide!(two!equivalents)!was!performed!under!similar!conditions!to!those!used!to!form!d8!nitrosyl!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 38!complex![RuCl(NO)(CO)(PPh3)2]!from![RuHCl(CO)(PPh3)3]52!(Scheme!2.15).!A!mixture!of!compounds!resulted,!with!a!major!product!observed!in!the!31P!NMR!spectrum!at!around!56!ppm.!However,!when!this!was!purified!by!column!chromatography,!the!reddish!compound!obtained!showed!only!aryl!peaks!in!the!1H!NMR!spectrum,!with!the!IR!spectrum!displaying!no!carbonyl!bands,!and!bands!in!the!nitrosyl!region!at!1666,!1655!and!1613!cmT1.!From!this!data!it!was!clear!that!this!was!not!the!desired!product,!nor!did!it!appear!to!contain!the!boryl!pincer!ligand.!We!note!that!the!d10!complex![Ru(NO)2(PPh3)2]!exhibits!similar!IR!absorptions!at!1665!and!1615!cmT1,53!hence!this!may!be!a!component!of!the!band!obtained!from!the!column.!Associated!NMR!data!could!not,!however,!be!found!in!the!literature!to!support!or!preclude!this!suggestion.!!
!
Scheme12.15:1Reaction1of12.41with1N,methyl,N,nitroso,p,toluenesulfonamide.!The!evidence!that!complex!2.4!behaves!quite!unlike![RuHCl(CO)(PPh3)3]!in!these!reactions!is!somewhat!surprising,!given!the!similar!ligand!set!including!hydride!and!triphenylphosphine!ligands!situated!such!that!they!experience!strong!transTeffects.!The!fact!that!there!is!a!strongly!σTdonating!boryl!group!in!2.4!in!place!of!a!chloride!would!be!expected!to!enhance!the!reactivity.!It!is!perhaps!partially!due!to!the!different!steric!environments!that!this!is!not!observed.!In![RuHCl(CO)(PPh3)3],!the!steric!interactions!between!triphenylphosphine!ligands!contribute!to!the!lability!of!the!PPh3!trans!to!the!hydride.!In!2.4,!however,!the!steric!pressure!from!the!PPh2!groups!is!much!less!significant,!due!to!the!contraction!of!the!P–Ru–P!angle!imposed!by!the!rigid!pincer!system.!This!has!been!clearly!indicated!by!the!similar!P–Ru–P!angles!in!the!crystal!structures!of!2.4!and!2.6,!discussed!above.!Presumably!the!distortion!of!this!angle!also!has!some!effect!on!the!electronics!of!the!system.!It!is!also!worth!noting!that!complex!2.4!does!not!contain!any!πTdonor!ligands.!Though!a!chloride!is!a!poor!πTdonor,!its!presence!in![RuHCl(CO)(PPh3)3]!may!play!a!role!in!promoting!dissociative!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 39!reaction!pathways,!and!hence!may!also!contribute!to!the!marked!difference!in!reactivity!between!these!complexes.!!!
2.2.5!! Synthesis!of![Cl(CO)(PPh3)Os(dppB)]!Considering!the!lack!of!success!with!reactions!of!complex!2.4,!we!turned!our!attentions!to!other!avenues!of!exploration.!In!particular,!the!reactivity!of!complex!2.2!prompted!investigations!into!the!osmium!analogue.!! The!reaction!between!dppBH!and![OsCl(Ph)(CO)(PPh3)2]!was!straightforward,!proceeding!within!45!minutes!at!room!temperature!to!give!complex!2.7!(Scheme!2.16),!which!was!isolated!in!a!very!high!yield!(99%).!This!could!also!be!synthesised!via!in!situ!generation!of!a!styryl!complex!by!treatment!of![OsHCl(CO)(PPh3)3]!with!phenylacetylene,!as!was!used!to!generate!2.2.!However,!the!formation!of!2.7!using!this!method!was!accompanied!by!the!formation!of!side!products!that!were!not!easily!removed,!hence!synthesis!using!the!former!method!was!preferred.!!
!
Scheme12.16:1Synthesis1of1complex12.7.1! The!formation!of!2.7!was!accompanied!by!the!formation!of!peaks!in!the!31P{1H}!NMR!spectrum!at!δP!=!–3.3,!23.3!for!the!PPh3!and!PPh2!groups,!respectively,!substantially!upfield!from!those!of!2.2!due!to!the!more!electronTrich!osmium!centre!of!
2.7.!The!couplings!were!similar!to!those!observed!for!2.2,!with!a!broad!multiplet!triphenylphosphine!resonance!and!a!sharp!doublet!with!2JPP!=!10!Hz!for!the!pincer!ligand!phosphines.!The!infrared!spectrum!shows!a!νCO!band!at!1929!cmT1!(DCM),!lower!in!frequency!than!that!of!the!ruthenium!analogue!2.2!(1940!cmT1),!as!expected.!The!1H!and!13C{1H}!NMR!peak!patterns!were!similar!to!those!for!2.2,!while!the!characteristic!broad!11B!resonance!appeared!at!59.6!ppm.!! Single!crystals!of!2.7!were!obtained,!XTray!diffraction!analysis!of!which!further!confirmed!the!identity!of!the!product!(Figure!2.12).!As!with!the!ruthenium!complexes!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 40!discussed!above,!the!complex!adopts!a!distorted!octahedral!geometry,!displaying!some!deviation!of!the!B–Os–P3!and!Cl–Os–C80!angles!(172.94(12)!and!171.16(12)°,!respectively)!from!linearity,!as!well!as!the!more!considerable!contraction!of!the!P1–M–P2!angle!as!observed!for!the!previous!ruthenium!complexes.!The!Os–B!bond!length!of!2.109(4)!Å!lies!well!within!the!typical!range!for!sixTcoordinate!osmiumTboryl!complexes!(2.039T2.180!Å).12,54T59!!
!
Figure12.12:1Molecular1structure1of12.71(aryl1hydrogen1atoms1omitted,1phenyl1ring1simplified,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1(Å)1and1angles1(deg):1Os1–B11=1
2.109(4),1Os1–P11=12.3648(10),1Os1–P21=12.3619(10),1Os1–P31=12.47021(10),1Os1–C801=11.886(5),1
Os1–Cl11=12.4952(10),1B1–Os1–P11=176.88(13),1B1–Os1–P21=176.10(13),1B1–Os1–P31=1
172.94(12),1B1–Os1–Cl11=175.43(12),1B1–Os1–C801=95.73(16),1P1–Os1–P21=1152.97(4),1Cl1–
Os1–C801=1171.16(12).1
2.2.6! Reactions!of![Cl(CO)(PPh3)Os(dppB)]!The!reactivity!of!complex!2.7!was!investigated!through!ligand!replacement!reactions.!Given!that!the!triphenylphosphine!ligand!of!complex!2.2!is!readily!replaced!by!mesityl!isocyanide,!an!analogous!reaction!of!2.7!was!performed,!proceeding!within!three!hours!at!room!temperature!in!DCM!to!give!complex!2.8!(Scheme!2.17).!Though!complete!consumption!of!complex!2.7!was!indicated!by!the!infrared!spectrum,!after!removing!the!solvent!under!reduced!pressure!a!significant!amount!of!the!starting!material!was!evident!in!the!NMR!spectra!of!the!resulting!residue!(about!30%!based!on!NMR!integrals),!as!well!as!free!CNMes.!This!indicated!that!reducing!the!solvent,!and!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 41!thereby!increasing!the!concentration!of!free!triphenylphosphine,!encourages!reversion!of!2.8!to!2.7.!When!the!analogous!reaction!of!the!ruthenium!complex!2.2!was!performed!under!the!same!conditions,!no!such!reversion!was!observed.!This!is!somewhat!surprising,!considering!that!the!more!electronTrich!osmium!centre!might!be!expected!to!be!more!predisposed!toward!coordinating!a!πTacidic!isocyanide!ligand!than!ruthenium.!Complex!2.8!could,!however,!be!isolated!cleanly!from!the!reaction!mixture!by!adding!n,hexane!and!reducing!the!solvent!in1vacuo!until!a!precipitate!had!formed.!The!purified!product!appeared!to!be!reasonably!stable!and!could!be!handled!in!air.!!
!
Scheme12.17:1Reversible1reaction1of12.71with1CNMes1to1give1complex12.8.11! The!conversion!of!2.7!to!2.8!was!observed!in!the!infrared!spectrum!by!a!shift!of!the!νCO!band!to!a!higher!frequency!of!1938!cmT1!(DCM)!upon!replacement!of!triphenylphosphine!with!the!πTacidic!isocyanide!ligand,!and!was!accompanied!by!the!formation!of!a!νCN!band!at!2109!cmT1!(cf.!2119!cmT1!for!free!CNMes!in!DCM).!The!coordination!of!the!isocyanide!ligand!was!also!indicated!in!the!1H!NMR!spectrum!by!the!distinctive!resonances!for!the!methyl!groups,!which!appeared!at!2.33!and!2.40!ppm!integrating!for!three!and!six!protons,!respectively,!relative!to!one!pincer!ligand.!The!corresponding!peaks!in!the!13C{1H}!spectrum!appeared!at!19.3!(two!peaks!overlapping,!3!Hz!separation)!and!21.3!ppm,!accompanied!by!a!broad!OsC≡N!resonance!at!δC!=!153.0!(width!at!half!height!=!10!Hz,!JPC!could!not!be!unambiguously!identified).‡‡!The!presence!of!three!methyl!peaks!in!the!13C!spectrum!indicates!that!the!isocyanide!ligand!lies!orthogonal!to!the!Os–P!vectors,!as!drawn!in!Scheme!2.17.!Given!that!two!of!these!peaks!are!overlapping,!it!is!not!particularly!unusual!that!only!two!methyl!resonances!were!observed!in!the!1H!spectrum.!The!31P{1H}!NMR!spectrum!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!‡‡!13C!resonances!for!linear!isocyanides!are!typically!broad!due!to!coupling!to!quadrupolar!14N!nuclei.!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 42!of!the!product!showed!a!singlet!resonance!at!31.4!ppm,!while!the!11B{1H}!resonance!appeared!at!δB!=!61.4.!! In!a!similar!manner!to!the!reaction!of!2.2!to!give!2.4,!complex!2.7!was!also!shown!to!react!with!sodium!borohydride!to!give!complex!2.9!(Scheme!2.18).!The!31P!NMR!spectrum!of!the!product!showed!resonances!at!δP!=!13.4,!33.0!for!the!triT!and!diphenylphosphine!groups,!respectively,!downfield!from!those!of!the!precursor,!though!the!shift!is!considerably!less!dramatic!than!that!observed!for!the!analogous!ruthenium!complexes.!Conversely,!the!infrared!νCO!band!at!1956!cmT1!(DCM)!appeared!at!a!notably!higher!frequency!than!that!of!2.7!(1929!cmT1),!whereas!for!ruthenium!analogues!2.2!and!2.4!the!shift!is!almost!insignificant.!Again,!the!shift!to!higher!rather!than!lower!frequency!may!be!a!consequence!of!coupling!between!the!νCO!and!νMH!modes,!as!discussed!in!Section!2.2.1.!The!νOsH!band!could!be!observed!in!this!case!at!1863!cmT1.!The!hydride!was!also!observed!in!the!1H!NMR!spectrum!as!a!triplet!of!doublet!resonance!at!–8.17!ppm!(2JPH!=!22!Hz,!2JPH!=!23!Hz),!while!the!11B{1H}!resonance!appeared!at!57.9!ppm.!!
!
Scheme12.18:1Reaction1of12.71with1NaBH41to1give1complex12.9.1! XTray!quality!crystals!of!both!2.8!(Figure!2.13a)!and!2.9!(Figure!2.13b)!could!be!obtained,!which!show!comparable!Os–B!distances!to!that!observed!for!2.7.!As!for!the!ruthenium!complexes,!contraction!in!the!Os–P!bond!lengths!accompanies!decreasing!steric!clutter!at!the!metal!centre,!with!short!distances!for!2.9!relative!to!those!of!2.7!and!2.8.!The!isocyanide!ligand!in!2.8!is!oriented!such!that!it!is!orthogonal!to!the!pincer!coordination!plane,!as!indicated!by!the!13C!NMR!spectrum.!The!hydride!ligand!of!2.9!was!located!in!a!difference!map,!and!its!position!refined!without!restraints.!As!observed!for!2.2,!the!hydride!leans!slightly!toward!the!boron!atom,!though!the!B–Os–H!angle!of!72(2)°!is!not!significantly!more!contracted!than!the!!!!!!!!!B–Os–Cl!angle!(75.4(1)°)!observed!in!the!precursor.!
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1
Figure12.13:1(a)1Molecular1structure1of12.8;+(b)1molecular1structure1of12.9.1(Aryl1and1methyl1
hydrogen1atoms1omitted,+displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1(Å)1and1
angles1(deg)1for12.8:1Os1–B11=12.087(11),1Os1–P11=12.364(3),+Os1–P21=12.353(3),1Os1–C501=1
1.875(9),1Os1–C601=12.058(9),+Os1–Cl11=12.474(3),+B1–Os1–P11=176.1(1),+B1–Os1–P21=175.7(1),1
B1–Os1–C501=197.4(5),1B1–Os1–Cl11=181.6(3),1B1–Os1–C601=168.9(5),1P1–Os1–P21=1151.9(1),1
Cl1–Os1–C501=1177.6(4).1Selected1bond1lengths1(Å)1and1angles1(deg)1for12.9:1Os1–B11=12.106(5),1
Os1–P11=12.3341(10),1Os1–P21=12.3397(10),1Os1–P31=12.3972(10),1Os1–C801=11.894(4),1Os1–H11=1
1.75(5),1B1–Os1–P11=175.57(13),+B1–Os1–P21=176.00(13),+B1–Os1–P31=1165.19(12),+B1–Os1–H11
=172.4(16),1B1–Os1–C801=100.35(17),1P1–Os1–P21=1151.56(4),1H1–Os1–C801=1171.8(15).1
2.2.7! Syntheses!of!σ<borane!Pincer!Complexes![Cl2(PPh3)M(η2<HBdpp)]!Also!explored!following!the!underwhelming!reactivity!of!complex!2.4!was!the!possibility!of!synthesising!a!fiveTcoordinate!complex!without!a!πTacidic!carbonyl!ligand,!which!would!be!more!favourably!disposed!toward!ligandTset!manipulation.!Furthermore,!while!the!precursors![MRCl(CO)(PPh3)2]!(R!=!Ph,!CH=CHPh)!are!set!up!to!undergo!R–H!elimination,!precursors!devoid!of!a!hydrogen!sink!ligands!would!be!more!likely!to!allow!the!interception!of!an!early!B–H!activation!product.!!Attempts!to!achieve!such!complexes!of!ruthenium!and!osmium!involved!reacting!dppBH!with![MCl2(PPh3)3],!where!M!=!Os!and!Ru.!The!anticipated!results!of!
(a)! (b)!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 44!these!reactions!were!that!loss!of!HCl!and!triphenylphosphine!would!result!in!the!fiveTcoordinate!boryl!complexes![Cl(PPh3)M(dppB)].!One!such!related!complex,!Ru(BCat)Cl(PPh3)2.H2O!has!been!described!briefly!without!full!characterisation!or!subsequent!reactivity!studies.16!However,!it!was!clear!that!this!had!not!occurred!when!the!isolated!products!showed!highTfield!resonances!in!their!1H!NMR!spectra!at!–13.72!and!–14.04!ppm!for!M!=!Os!and!Ru,!respectively,!discounting!the!loss!of!HCl.!The!coordination!of!a!triphenylphosphine!in!these!products!was!also!evident!from!the!NMR!spectra,!with!both!doublet!and!triplet!resonances!appearing!in!the!31P!spectra.!These!products!were!found!not!to!be!hydrido(boryl)!complexes,!but!instead!the!σTborane!pincer!complexes!2.10!and!2.11!(Scheme!2.19).!This!coordination!mode!of!dppBH!will!hereafter!be!abbreviated!as!M(η2THBdpp).!
!!
Scheme12.19:1Synthesis1of1σ,borane1complexes12.101(M1=1Os)1and12.111(M1=1Ru).1! The!inference!that!the!hydrogen!atoms!remained!bound!to!boron!was!indicated!by!the!broadness!of!the!hydrideTregion!1H!NMR!resonances!observed!for!
2.10!and!2.11,!reflecting!coupling!to!the!boron!nuclei.!The!11B!NMR!resonances!were!located!at!δB!=!53.2!(2.10)!and!49.2!(2.11),!upfield!from!the!resonances!for!the!boryl!complexes!discussed!above.!!However,!as!noted!by!SaboTEtienne!in!a!review!on!the!topic,60!it!is!difficult!to!distinguish!a!σTborane!from!a!hydrido(boryl)!formulation!on!the!basis!of!NMR!data!alone,!and!for!2.10!and!2.11!the!former!coordination!was!confirmed,!in!the!solid!state!at!least,!by!their!crystal!structures!(Figure!2.14,!selected!bond!lengths!and!angles!given!in!Table!2.2).!The!structures!are!isomorphous!to!one!another,!and!in!both!cases!the!position!of!H1!could!be!refined!without!restraints,!placing!them!close!to!the!boron!atom!with!B–H1!distances!of!1.48(3)!and!1.66(10)!Å!for!2.10!and!2.11,!respectively.!Though!the!Ru–Cl!distances!of!2.11!do!not!differ!significantly!from!one!another,!the!Os–Cl1!distance!in!2.10!(2.4644(5)!Å)!is!considerably!shorter!than!that!of!Os–Cl2!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 45!(2.4761(6)!Å),!reflecting!the!weak!trans!influence!of!the!3Tcentre,!2Telectron!σTB–H!group!relative!to!the!triphenylphosphine!ligand,!in!contrast!to!a!strongly!σTdonating!2Tcentre,!2Telectron!boryl!ligand.!
!
Figure12.14:1(a)1Molecular1structure1of12.10+(aryl1hydrogen1atoms1omitted,1phenyl1groups1
simplified,1displacement1ellipsoids1shown1at150%);1(b)1side,on1view1of1molecular1structure1of1
2.111(phenyl1rings1and1hydrogen1atoms1other1than1H11omitted,1displacement1ellipsoids1shown1at1
50%).11!
Table12.21
Bond!(Å)!! 2.10(M!=!Os)! 2.11(M!=!Ru)! Angle!(°)! 2.10(M!=!Os)! 2.11(M!=!Ru)!M1–B1! 2.107(2)! 2.117(14)! M1–B1–H1! 47.5(11)! 43(3)!M1–H1! 1.56(3)! 1.43(10)! M1–H1–B1! 87.8!(16)! 86(5)!M1–P1! 2.4018(6)! 2.402(3)! B1–M1–H1! 44.7(11)! 52(4)!M1–P2! 2.3884(6)! 2.419(4)! P1–M1–P2! 155.19(2)! 155.12(12)!M1–P3! 2.3460(6)! 2.340(4)! ! ! !M1–Cl1! 2.4644(5)! 2.453(3)! ! ! !M1–Cl2! 2.4761(6)! 2.465(3)! ! ! !B1–H1! 1.48(3)! 1.66(10)! ! ! !! While!crystallographic!data!for!other!osmium!σTH–BR2!complexes!is!not!yet!available,27!we!note!that!the!Os–B1!distance!of!2.107(2)!Å!is!significantly!smaller!than!
(a)! (b)!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 46!the!value!of!3.005!Å!in!the!related!σTH–BR3!complex![OsH{HBBNCH2PMe2}(PMe3)3]!(HBBN!=!9T!borabicyclo[3.3.1]nonane)!(Figure!2.15,!L.49),61!reflecting!the!potential!for!πTbackbonding!from!osmium!to!the!threeTcoordinate!boron!in!2.10.!Conversely,!the!σTH–BR!complexes!OsH2Cl{η2THBOC(CH3)2C(CH3)2OBpin}(PiPr3)2!and!OsH2Cl(η2THBNMe2)(PiPr3)2!(L.50!and!L.51),!in!which!there!are!3Tcentre,!4Telectron!interactions!between!the!metal!and!the!B–H!bond,!display!considerably!shorter!Os–B!distances!of!1.899(7)!and!1.923(6)!Å,!respectively.62!!!
! !
Figure12.15:1Structurally1characterised1literature1σ,H–BR31and1σ,H–BR1complexes1of1osmium.1Considering!the!comparable!covalent!radii!of!osmium!and!ruthenium!(1.44!and!1.46!Å,!respectively63)§§!we!observe!that!the!Os–B1!distance!of!2.10!is!similar!to!the!Ru–B1!distance!of!2.117(14)!Å!in!2.11,!at!the!shorter!end!of!the!scale!for!such!!!!!!!!!!!!!
σTH–BR2!complexes!of!ruthenium,!which!span!the!range!2.124(2)T2.757(8)!Å.64T68!Indeed,!the!M–B!distances!in!2.10!and!2.11!are!similar!to!those!observed!in!the!boryl!complexes!discussed!in!the!previous!sections,!and!hence!may!be!determined!in!part!by!the!geometric!constraints!of!pincer!coordination.!The!reaction!to!form!2.10!was!rapid,!and!was!observed!by!NMR!spectroscopy!to!reach!completion!in!as!little!as!ten!minutes!at!room!temperature.!The!reaction!to!form!2.11,!however,!was!less!straightforward.!Though!the!starting!materials!were!consumed!within!minutes,!a!second!compound!was!observed!in!addition!to!2.11.!This!complex!was!observed!to!convert!to!the!final!product!2.11!within!22!hours!in!solution.!No!reversion!of!2.11!to!this!intermediate!was!observed!in!low!temperature!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!§§!Such!similar!covalent!radii!of!second!and!third!row!transition!metals!are!well!known,!and!are!attributed!to!the!lanthanide!contraction.!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 47!NMR!experiments.!When!the!reaction!was!performed!at!low!temperature!(–10°C),!starting!materials!were!consumed!within!20!minutes!to!give!the!intermediate!complex!as!the!major!product,!though!a!small!amount!of!2.11!was!also!present.!!The!intermediate!displayed!two!mutually!coupled!resonances!in!the!31P!spectrum;!a!defined!yet!slightly!broadened!triplet!at!δP!=!26.5!(2JPP!=!24!Hz)!and!a!sharp!doublet!δP!=!34.5!(d,!2JPP!=!25!Hz).!The!1H!NMR!spectrum!of!the!intermediate!displayed!a!broad!highTfield!resonance!at!–7.21!ppm,!consistent!with!a!σTB–H!metal!interaction.!This!peak!was!sufficiently!thermally!decoupled!at!–45°C!to!observe!phosphorusTproton!coupling,***!giving!a!broad!doublet!with!JPH!of!approximately!45!Hz,!though!coupling!to!the!second!31P!environment!was!not!resolved.!The!large!doublet!coupling!suggests!a!trans!arrangement!of!the!triphenylphosphine!and!σTborane!groups,!as!does!the!broadening!of!the!triplet!resonance!in!the!31P!NMR!spectrum.!Scheme!2.20!shows!two!proposed!formulations!of!this!intermediate!that!are!consistent!with!the!data,!which!are!both!isomers!of!2.11.!Alternatively,!it!is!possible!that!a!dimeric!species!initially!forms,!though!this!would!have!to!possess!high!symmetry!to!be!consistent!with!the!NMR!spectra.!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!***!The!line!shape!of!boronTcoupled!resonances!tend!to!be!temperature!dependent,!with!more!rapid!quadrupoleTinduced!relaxation!occurring!at!lower!temperatures,!causing!the!spin!multiplet!to!collapse.69!This!effectively!gives!a!boronTdecoupled!resonance!and!has!been!termed!“thermal!decoupling”.70!
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!
Scheme12.20:1Proposed1intermediates1in1the1formation1of12.11.1Intermediate!2.11X!is!the!isomer!in!which!the!triphenylphosphine!ligand!is!exchanged!with!the!chloride!ligand!trans!to!the!borane,!and!conversion!to!2.11!would!be!expected!to!involve!dissociation!of!the!triphenylphosphine!ligand.!However,!this!pathway!does!not!appear!to!have!an!obvious!driving!force!for!the!irreversible!formation!of!2.11.!The!triphenylphosphine!ligand!would!not!experience!a!strong!trans!influence,!and!thus!should!not!be!unusually!labile!(trans!effect),!nor!should!the!steric!interactions!in!2.11X!be!particularly!unfavourable!relative!to!2.11.!The!alternative!intermediate!2.11Y!incorporates!the!pincer!ligand!in!a!pseudoTfacial!coordination!mode.!In!this!case!the!predisposition!of!the!pincer!ligand!to!adopt!a!meridional!coordination!would!drive!conversion!to!2.11,!presumably!via!a!dissociative!mechanism.!The!plausibility!of!this!intermediate,!however,!depends!on!how!much!strain!would!result!from!the!facial!coordination.!The!sharpness!of!the!resonance!for!free!triphenylphosphine!in!the!31P!NMR!spectra!of!the!reaction!mixture!suggests!that!dissociation!is!slow!on!the!31P!NMR!time!scale,!which!is!unsurprising!given!that!complete!conversion!to!2.11!took!some!hours.!The!proposed!intermediates!were!examined!using!DFT!calculations.!The!structures!of!2.11X,!2.11Y!and!2.11!were!optimised!using!BP86/BS1,!and!single!point!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 49!energy!calculations!performed!at!the!M06/BS2!level!(SCRF!methods!used!for!solution!state),!the!results!of!which!are!shown!in!Figure!2.16.!Though!these!calculations!indicate!that!intermediate!2.11Y!may!form!when!dppBH!initially!approaches!the!metal!complex,!the!high!energy!of!this!structure!relative!to!2.11!(135.8!kJ/mol!higher!in!DCM)!suggests!that!it!would!not!be!very!longTlived,!assuming!the!triphenylphosphine!ligand!is!sufficiently!labile!to!afford!a!kinetically!viable!rearrangement!route.!Intermediate!2.11X!was!also!higher!in!energy!than!2.11,!though!given!the!small!difference!of!21.9!kJ/mol!(DCM)!it!does!not!seem!likely!that!conversion!to!2.11!would!be!irreversible!(k!~!9!x!108!at!25°C,!based!on!the!Eyring!equation).!The!identity!of!the!observed!intermediate!therefore!remains!somewhat!ambiguous.!!
!
Figure12.16:1Calculated1relative1energies1of12.111and1proposed1intermediates12.11X1and12.11Y.1
2.2.8! Reactions!of![Cl2(PPh3)Ru(η2<HBdpp)]!with!CO!and!CNMes!The!ruthenium!σTborane!complex!2.11!appeared!to!be!appreciably!more!reactive!than!the!hydrido!boryl!complex!2.4,!such!that!reactions!with!carbon!monoxide!and!mesityl!isocyanide!proceeded!much!more!readily!to!give!major!products.!These!reactions!gave!the!diTsubstituted!boryl!products!2.12!and!2.13!via!loss!of!HCl!and!triphenylphosphine!(Scheme!2.21).!The!cleavage!of!the!B–H!bond!presumably!proceeds!via!a!B–H!activation!tautomerism!to!afford!a!sevenTcoordinate!hydrido!boryl!structure,!from!which!triphenylphosphine!might!be!more!easily!liberated!due!to!the!strong!(pseudo)trans!effect!of!the!boryl!ligand.!This!is!not,!however,!observed!on!the!31P!NMR!time!scale.!The!presence!of!πTacceptor!ligands!is!generally!expected!to!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 50!disfavour!B–H!activation,!given!that!they!are!less!able!to!stabilise!an!increase!in!oxidation!state.!However,!coordination!of!these!ligands!might!also!be!expected!to!increase!the!acidity!of!the!resulting!metal!hydride!by!stabilising!the!conjugate!base!through!retrodonation.!Replacement!of!triphenylphosphine!with!πTacidic!ligand!L!may!thus!favour!reductive!elimination!of!HCl!to!give!a!coordinatively!unsaturated!complex!that!rapidly!captures!a!second!L!group.!!
!
Scheme12.21:1Reactions1of12.111with1CO1and1CNMes1to1form12.121and12.13.1The!reaction!with!carbon!monoxide!reached!completion!within!18!hours!at!60°C.!The!dicarbonyl!boryl!complex!2.12!appeared!in!the!31P!NMR!spectrum!as!a!singlet!at!δP!=!57.9,!and!in!the!infrared!spectrum!as!two!νCO!bands!at!2035!and!1971!cmT1!(DCM),!and!is!also!the!product!of!the!reaction!of!2.2!with!carbon!monoxide!(Scheme!2.5,!complex!L.33).!!Formation!of!the!diTisocyanide!product!2.13!occurred!at!room!temperature,!as!observed!in!the!31P!NMR!spectra!by!the!development!of!a!singlet!peak!at!61.2!ppm.!While!this!appeared!to!be!the!major!product!of!the!reaction,!a!number!of!unidentified!side!products!were!also!present!in!the!reaction!mixture,!which!gave!resonances!in!the!31P!NMR!spectra!and!in!the!aromatic!and!alkyl!(1T3!ppm)!regions!of!the!1H!NMR!spectra.!These!impurities!could!eventually!be!removed,!though!this!required!several!purification!steps,!involving!successive!washing!with!diethyl!ether,!in!which!the!2.13!was!somewhat!soluble.!Hence!the!isolated!product!yield!was!relatively!low!at!33%.!The!formulation!of!2.13!as!a!boryl!complex!followed!from!the!absence!of!peaks!in!the!hydride!region!of!the!1H!NMR!spectrum,!indicating!the!loss!of!HCl.!The!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 51!observance!of!two!distinct!resonances!for!the!pincer!ligand!methylene!groups!indicated!low!Cs!symmetry!of!the!complex!due!to!mutually!cis!isocyanides.!The!coordination!of!two!isocyanides!was!confirmed!by!the!infrared!spectrum,!which!displayed!two!νCN!bands!at!2104!and!2061!cmT1!(DCM),!as!well!as!four!distinct!CH3!resonances!in!both!the!1H!and!13C!NMR!spectra.!The!conversion!from!the!borane!precursor!to!the!boryl!product!was!accompanied!by!a!downfield!shift!of!the!11B!resonance!by!ca.!8!ppm!to!δB!=!57.3.!
!
Figure12.17:1Molecular1structure1of12.13+(aryl1and1methyl1hydrogen1atoms1omitted,1
displacement1ellipsoids1shown1at150%),1and1space,filling1representation.1Selected1bond1lengths1
(Å)1and1angles1(deg):1Ru1–B11=12.062(8),1Ru1–P11=12.3307(18),1Ru1–P21=12.3298(18),+Ru1–C501
=11.876(8),1Ru1–C601=12.048(8),+Ru1–Cl11=12.4924(18),1B1–Ru1–P11=176.2(2),1B1–Ru1–P21=1
77.3(2),1B1–Ru1–Cl11=179.0(2),1B1–Ru1–C501=194.8(3),1B1–Ru1–C601=171.7(3),1P1–Ru1–P21=1
153.51(7),1Cl1–Ru1–C501=1173.7(2).1XTray!analysis!of!crystals!of!2.13!gave!the!structure!depicted!in!Figure!2.17.!The!Ru–B!distance!of!2.062(8)!Å!is!comparable!to!that!of!the!precursor!2.11!and!within!the!range!seen!in!ruthenium!boryl!complexes!2.2<2.4!and!2.6.!The!Ru–C60!distance!(2.048(8)!Å)!is!considerably!larger!than!that!of!Ru–C50!(1.876(8)!Å),!reflecting!its!situation!trans!to!a!boryl!ligand.!The!90°!rotation!between!the!two!isocyanide!ligands!most!likely!occurs!to!ameliorate!interTligand!steric!factors,!as!illustrated!by!the!spaceTfilling!representation:!one!ligand!(purple)!lies!orthogonal!to!the!pincer!coordination!plane!to!reduce!steric!interactions!with!the!phosphine!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 52!substituents,!forcing!the!second!CNMes!group!(yellow)!to!rotate!so!as!to!minimise!interactions!between!the!ortho!methyl!groups!of!the!two!isocyanides.!
2.2.9! Reactions!of![Cl2(PPh3)M(η2<HBdpp)]!with!NaBH4!Given!the!facile!cleavage!of!the!B–H!bond!in!2.11!to!form!boryl!complexes!in!the!above!reactions,!it!was!postulated!that!this!may!also!be!encouraged!by!replacement!of!one!or!both!chloride!ligands!with!hydrides.!Such!a!reaction!with!sodium!borohydride!could!conceivably!result!in!a!fiveTcoordinate!hydrido!boryl!complex,!which,!as!noted!earlier,!would!be!particularly!desirable!for!further!synthesis.!Alternatively,!a!sixTcoordinate!dihydrogen!complex!might!be!obtained.!
!
Scheme12.22:1Reaction1of12.111with1NaBH41and1possible1formulations1of12.14.11As!in!the!synthesis!of!2.4,!the!reaction!was!carried!out!in!a!THF/ethanol!mixture!using!an!excess!of!sodium!borohydride.!The!reaction!appeared!to!proceed!quite!cleanly!by!31P!NMR!spectroscopy,!with!triplet!and!doublet!peaks!appearing!around!52!and!73!ppm,!respectively.!The!compound!obtained,!2.14,!also!gave!a!doublet!of!triplet!resonance!in!the!1H!NMR!spectrum!at!δH!=!–8.24!ppm,!with!identical!
JPH!values!of!19!Hz!(the!peak!was!therefore!an!apparent!quartet).!These!observations!could!be!consistent!with!both!the!dihydrogen!(2.14a)!and!hydrido(boryl)!(2.14b)!formulations!shown!in!Scheme!2.22.!HydrideTcontaining!products!in!which!the!σTB–H!bond!remains!intact!were!excluded!due!to!the!presence!of!only!one!highTfield!shift!in!the!1H!NMR!spectrum.!Isolation!of!the!observed!product!proved!challenging!as!the!complex!appeared!to!be!highly!unstable.!Attempts!to!separate!the!product!from!the!solvents,!in1vacuo!and!by!precipitation,!invariably!resulted!in!more!complex!mixtures,!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 53!with!several!other!peaks!appearing!in!the!31P!NMR!spectrum,!and!the!hydride!region!of!the!1H!NMR!spectrum.!A!dihydrogen!formulation!of!2.14!would!be!consistent!with!the!observed!instability!of!the!product,!as!reduced!pressure!may!effect!loss!of!the!dihydrogen!ligand.!Some!attempts!were!made!to!determine!the!T1!value!of!the!hydride!region!1H!resonance,!though!it!was!difficult!to!obtain!clean!NMR!samples!of!the!product!suitable!for!1H!NMR!spectra,!hence!the!accuracy!of!these!measurements!was!poor.!Attempts!to!differentiate!between!the!two!formulations!based!on!1H!NMR!integrals!were!inconclusive!for!similar!reasons.!However,!when!carbon!monoxide!was!bubbled!through!an!NMR!sample!of!2.14!for!five!minutes,!clean!conversion!to!complex!2.4!was!observed!(Scheme!2.23),!which!substantiates!the!hydrido(boryl)!formulation!2.14b,!since!2.14a!should!give!2.2!then!2.12.!In!this!case,!the!decomposition!of!2.14!observed!when!the!original!solvent!was!removed!may!be!due!to!stabilisation!of!the!species!by!coordination!of!a!THF!molecule!to!the!vacant!site.!The!pale!brown!colour!of!the!reaction!mixture!seems!to!support!the!formation!of!a!sixTcoordinate!complex,!as!a!fiveTcoordinate!ruthenium!might!be!expected!to!be!brightly!coloured.!
!
Scheme12.23:1Reaction1of12.141(proposed1formulation)1with1CO1to1give1complex12.4.1The!analogous!reaction!with!2.10!was!also!performed!under!the!same!conditions,!in!the!hope!that!the!osmium!complex!would!be!more!stable!and!therefore!readily!characterised.!However,!the!combination!of!2.10!with!sodium!borohydride!gave!no!reaction!after!24!hours!based!on!the!31P!NMR!spectrum.!!
2.2.10!Reactions!of![Cl2(PPh3)M(η2<HBdpp)]!with!NEt3!
!
Scheme12.24:1Tautomerisation1between1σ,borane1and1hydrido(boryl)1species.1
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 54!Given!that!2.11!possible!tautomerises!with!a!hydrido(boryl)!complex!(Scheme!2.24),!an!attempt!was!made!to!abstract!the!hydride!from!this!species!using!triethylamine.!This!reaction,!however,!was!not!so!straightforward.!Though!loss!of!HCl!was!inferred!by!the!precipitation!of!triethylammonium!chloride,!the!product!(2.15)!appeared!to!retain!a!hydride!ligand,!with!a!sharp!doublet!of!triplets!resonance!observed!in!the!1H!NMR!spectrum!at!–15.01!ppm!(2JPH!=!30!Hz,!2JPH!=!14!Hz).!Furthermore,!three!resonances!were!observed!in!the!PCH2N!region!of!the!spectrum,!rather!than!the!two!mutually!coupled!resonances!seen!in!the!previously!discussed!boryl!complexes.!These!appeared!at!δH!=!4.45!(br),!4.89!(d,!J!=!12!Hz)!and!5.33!(br)!in!a!1:1:1!ratio.!The!31P!NMR!spectrum!of!the!product!displayed!a!triplet!resonance!at!δP!=!72.2!(2JPP!=!30!Hz)!consistent!with!a!coordinated!triphenylphosphine!ligand,!but!no!resonance!for!the!pincer!phosphines!was!discernible!at!room!temperature,!indicating!a!dynamic!exchange!process!between!these!two!sites.!!Though!complex!2.15!was!by!far!the!major!product!of!the!reaction,!some!minor!side!products!were!observed,!including!triphenylphosphine!and!triphenylphosphine!oxide.!These!impurities!were!observed!even!when!the!reaction!was!repeated!using!distilled,!degassed!triethylamine,!and!could!not!be!removed!completely!after!several!purification!attempts.!In!fact,!these!attempts!often!resulted!in!poorer!purity,!as!the!product!appeared!to!gradually!decompose!in!solution!to!give!mixtures!with!complex,!poorly!resolved!spectra.!As!such,!complex!2.15!could!not!be!fully!characterised.!Furthermore,!no!crystals!of!2.15!could!be!obtained!to!elucidate!the!structure,!perhaps!in!part!due!to!its!instability!over!time.!The!identity!of!this!product!therefore!remains!uncertain,!though!some!speculations!were!made!based!on!the!NMR!data.!Two!tentatively!proposed!formulations!of!complex!2.15!are!shown!in!Scheme!2.25.!Structure!2.15a,!proposed!due!to!the!observation!of!three!distinct!methylene!region!1H!resonances,!may!arise!from!a!proton!being!abstracted!from!one!of!the!methylene!C–H!groups,!the!carbon!centre!of!which!then!interacts!with!the!metal!centre.!There!is!considerable!precedent!for!αTmetallation!of!alkyl!phosphines!in!the!chemistry!of!ruthenium,!such!as!the!formation!of!RuH(η2TCH2PMe2)(PMe3)3!upon!reduction!of!transTRuCl2(PMe3)4.71!A!dynamic!process!may!then!conceivably!arise!if!there!is!exchange!between!the!methylene!and!methine!groups!via!a!reductive!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 55!elimination/oxidative!addition!pathway.!However,!given!the!rigid!nature!of!the!pincer!scaffold,!the!degree!of!steric!strain!arising!from!this!type!of!coordination!perhaps!reduces!the!likelihood!of!this!structure.!An!alternative!explanation!is!that!the!product!is!the!result!of!ortho,metallation!of!one!of!the!phenyl!rings!on!the!PPh2!group!to!give!structure!2.15b,!and!at!ambient!temperature!the!1H!NMR!spectrum!has!partially!coalesced.!The!possibility!of!ortho,metallation!of!one!of!the!phenyl!ring!on!the!PPh3!group!was!also!considered,!but!was!discounted!on!the!basis!of!NMR!data,!which!strongly!suggest!the!dynamic!process!that!was!occurring!involved!changes!in!environment!of!the!two!transTsituated!pincer!phosphine!groups,!as!will!be!seen!below.!
!
Scheme12.25:1Reaction1of12.111with1NEt3,1tentatively1proposed1formulations12.15a+and+2.15b1of1
the1product.1Figure!2.18!shows!the!31P!NMR!spectra!of!2.15!at!varying!temperatures,!which!are!consistent!with!the!suggested!formulations.!The!development!of!two!mutually!coupled!doublet!of!doublet!resonances!was!observed!at!low!temperatures,!appearing!at!–5.1!and!38.2!ppm.!The!2JPP!value!of!ca.!280!Hz!indicates!trans,coordination!of!these!two!nuclei,!and!the!smaller!2JPP!value!of!30!Hz!matches!that!of!the!triplet!peak!at1δP!=172.2,!reflecting!cisTcoordination!of!the!two!exchanging!nuclei!and!triphenylphosphine.!The!significant!upfield!shift!of!the!former!resonance!relative!to!the!latter!would!certainly!be!consistent!with!shifts!observed!in!the!literature!upon!metallacyclisation!to!give!a!threeTmembered!Ru–P–C!ring71T74!or!ortho,metallation!of!a!phosphineTbound!phenyl!ring.75!At!high!temperature!the!two!resonances!coalesce!to!give!a!single!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 56!doublet!resonance!at!14.3!ppm!(2JPP!=!31!Hz).!The!triplet!resonance!at!ca.!δP!=172!remained!well!resolved!throughout!the!temperature!range.!
!
Figure12.18:1NMR1signals1for1exchanging131P1nuclei1in1complex12.15+at1varying1temperatures.1
Signals1associated1with1triphenylphosphine1oxide1(δP1~125)1and1triphenylphosphine1(δP1~1–6)1
have1been1suppressed1for1clarity1where1they1do1not1overlap1with1product1peaks.1All1spectra1were1
recorded1on1a1Varian1Inova13001(31P:1121.41MHz)1spectrometer1with1toluene,d81as1the1solvent.11The!rate!constants!associated!with!the!two!exchanging!31P!nuclei!were!determined!from!the!line!widths!at!each!temperature.!These!were!then!used!to!calculate!approximate!values!of!the!activation!parameters,!though!we!note!that!this!system!is!not!ideal!for!the!accurate!determination!of!these!values,!due!to!factors!such!as!coupling!and!poor!signalTtoTnoise!at!low!temperature.!The!latter!presumably!arises!from!low!solubility!of!2.15!at!the!lower!end!of!the!temperature!range.!This!also!causes!the!small!triphenylphosphine/triphenylphosphine!oxide!impurities!appear!much!greater!in!the!spectra!recorded!subTzero!temperatures.!Using!the!Arrhenius!equation!gave!an!energy!of!activation!(Ea)!of!approximately!57(2)!kJ/mol.!Use!of!the!Eyring!equation!gave!an!average!ΔG‡!value!of!48(2)!kJ/mol,!a!ΔH‡!value!of!55(2)!kJ/mol!and!a!
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ΔS‡!value!of!24(8)!J/molTK.†††!The!positive!entropy!of!activation!suggests!a!dissociative!exchange!mechanism,!which!would!seem!to!be!consistent!with!the!proposed!reductive!elimination/oxidative!addition!pathways.!
!
Figure12.19:1NMR1signals1for1exchanging11H1nuclei1in1complex12.151at1varying1temperatures.1All1
spectra1were1recorded1on1a1Varian1Inova13001(1H:1299.91MHz)1spectrometer1with1toluene,d81as1
the1solvent.1The!1H!NMR!spectra!are!less!consistent!with!the!hypotheses.!For!the!structure!
2.15a!we!would!anticipate!slow!exchange!to!give!resonances!for!two!methylene!protons,!one!methine,!appearing!significantly!upfield!from!the!methylene!protons,!and!one!hydride,!and!these!should!coalesce!to!give!two!averaged!resonances.!For!2.15b!we!would!expect!four!methylene!resonances!that!coalesce!to!give!two!resonances,!and!the!hydride!to!eventually!coalesce!with!an!aromatic!resonance.!Instead,!variable!temperature!1H!NMR!spectra!(Figure!2.19)!show!five!broad!resonances!between!3T6!ppm!at!low!temperature,!in!a!range!typical!of!dppB!methylene!protons.!As!the!sample!is!warmed!to!room!temperature,!one!of!these!peaks!remains!distinct,!while!the!other!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!†††!For!details!of!these!calculations,!see!Appendix!Section!A1.1.!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 58!four!appear!to!coalesce!to!give!a!distinct!doublet!and!another!broad!peak.!At!higher!temperatures!the!downfield!broad!peak!gradually!disappears!and!the!higher!field!resonance!resolves!into!a!second!doublet,!which!appears!to!be!coupled!to!the!first!(2JHH!=!13!Hz).!A!small!peak!can!be!observed!between!these!two!resonances,!though!this!may!be!an!impurity!that!becomes!more!soluble!at!high!temperatures.!The!hydride!resonance!remains!relatively!well!resolved!throughout!the!temperature!range,!suggesting!that!it!is!not!participating!in!the!dynamic!process.!!The!1H!NMR!data!clearly!do!not!fit!well!with!either!of!the!proposed!formulations!of!2.15.!The!possibility!of!stereoisomerism!caused!by!exchange!was!briefly!considered,!though!for!the!proposed!dynamic!processes!the!two!forms!should!be!enantiomers.!Furthermore,!the!presence!of!two!diastereomers!should!give!rise!to!two!sets!of!peaks!in!the!31P!NMR!spectra.!!The!plausibility!of!structures!2.15a!and!2.15b,!as!well!as!the!structure!arising!from!orthoTmetallation!of!one!of!the!PPh3!phenyl!groups!(2.15c)!was!probed!using!DFT!calculations.!The!structures!were!optimised!using!BP86/BS1,!as!was!the!structure!of!the!fiveTcoordinate!complex!that!would!result!from!reductive!elimination!of!the!C–H!bonds.!Single!point!energy!calculations!were!performed!at!the!M06/BS2!level!(SCRF!methods!used!for!solution!state),!the!results!of!which!are!summarised!in!Figure!2.20.!As!anticipated,!it!is!evident!that!the!strain!associated!with!methine!coordination!of!one!of!the!pincer!side!arms!means!that!structure!2.15a!is!high!in!energy!and!thus!not!particularly!likely.!The!calculated!energy!of!structure!2.15b!is!significantly!lower,!though!still!24.7!kJ/mol!greater!in!DCM!than!the!energy!calculated!for!the!fiveTcoordinate!structure!that!would!be!intermediate!in!the!proposed!exchange.!The!energy!of!structure!2.15c,!is!markedly!lower!than!that!of!the!fiveTcoordinate!structure,!thus!should!be!the!preferred!conformation!of!this!system.!However,!this!structure!is!the!least!consistent!with!the!NMR!data.!
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!
Figure12.20:1Calculated1energies1of1proposed1structures12.15a.c1relative1to1isomer1resulting1from1
reductive1elimination.1None!of!the!structures!2.15a<c!is!well!supported!by!all!the!data,!and!another!conceivable!formulation!of!2.15!consistent!with!the!experimental!observations!remains!elusive.!Attempts!to!gain!more!insight!into!the!structure!using!2D!1HT13C!correlation!experiments!gave!spectra!that!were!poorly!resolved!in!the!regions!of!interest,!presumably!due!to!a!combination!of!low!solubility!and!exchanging!nuclei.!In!an!11B{1H}!spectrum!of!2.15,!no!distinct!resonance!could!be!found,!though!we!note!that!for!these!types!of!complexes!the!11B!resonances!are!often!difficult!to!locate!due!to!broadness!and!low!solubility,!hence!this!observation!does!not!necessarily!preclude!the!presence!of!boron.!Mass!spectra!were!also!inconclusive,!giving!very!few!peaks!that!could!be!easily!rationalised,!perhaps!due!to!instability!of!the!complex.!Despite!many!attempts,!crystals!of!2.15!could!not!be!obtained!for!structural!elucidation.!However,!an!orange!compound!crystallised!from!one!sample!after!several!weeks,!which!gave!the!structure!of!the!tetrameric!cluster!2.16!depicted!in!Figure!2.21!(line!diagram)!and!Figure!2.22!(crystal!structure).!This!compound!is!clearly!inconsistent!with!the!data!for!2.15,!as!it!does!not!contain!a!triphenylphosphine!or!hydride!ligand.!The!cluster!comprises!two!dimeric!boronateTbridged!Ru2!units!coordinated!to!what!appears!to!be!a!potassium!ion.!The!dimeric!units!contain!two!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 60!pseudoToctahedral!ruthenium!centres!bridged!by!the!dppBO–!groups!and!a!chloride.!A!crystallographic!twoTfold!rotation!axis!bisects!the!molecule,!passing!through!K1,!hence!the!two!Ru2!units!are!symmetry!related.!!
!!!!!!!!!!! !
Figure12.21:1Tetrameric1cluster12.16.1
!
Figure12.22:1Molecular1structure1of12.16+(aryl1hydrogen1atoms1omitted,1displacement1ellipsoids1
shown1at150%).+Selected1bond1lengths1(Å)1and1angles1(deg):1Ru1–Cl11=12.424(4),1Ru1–Cl31=1
2.408(3),1Ru1–P11=12.258(4),1Ru1–P31=12.247(4),1Ru1–O11=12.171(8),1Ru1–O21=12.230(9),1Ru2–
Cl21=12.369(3),1Ru2–Cl31=12.394(3),1Ru2–P21=12.253(4),1Ru2–P41=12.261(4),1Ru2–O11=12.205(9),1
Ru2–O21=12.211(9),1K1–Cl11=12.765(4),1K1–Cl21=12.756(4),1K1–O11=12.523(9),1K1–O21=12.580(9),+
B1–O11=11.351(17),1B2–O21=11.351(19),+Cl1–K1–Cl21=1142.30(10),1O1–K1–O21=160.3(3),1Ru1–O1–
Ru21=192.5(3),1Ru1–O2–Ru21=190.7(3),1Ru1–Cl3–Ru21=182.32(11).1Given!that!potassium!hydroxide!is!used!to!clean!glassware!in!our!laboratory,!it!is!possible!that!a!potassium!cation!entered!the!system!due!to!some!remnants!on!the!flasks.!The!hydroxide!anion!may!also!be!the!source!of!the!boronate!oxygen!atoms,!
O
K
O
ClCl
OO
ClCl O B
N
N
P
P
Ph2
Ru
Ru
OB
N
N
Ph2
P
P
Ph2
Cl
Cl
Cl
K
OO
Cl
Cl
K
=
Ph22.16!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 61!though!we!note!that!the!sample!from!which!these!crystals!were!obtained!had!been!generated!using!nonTdistilled!triethylamine,!hence!water!may!also!have!been!present.!!However,!if!the!central!atom!were!indeed!potassium,!this!would!suggest!that!the!two!dimeric!Ru2!units!share!a!–1!charge,!which!seems!unusual.!We!acknowledge!here!that!there!were!some!additional!molecules!in!the!crystal!structure!that!could!not!be!unambiguously!identified!due!to!a!high!degree!of!disorder,!hence!the!possibility!of!a!separate!cationic!moiety!being!present!in!the!structure!cannot!be!excluded.!Alternatively,!it!was!considered!whether!the!central!atom!was!in!fact!calcium,!though!if!this!were!the!case!its!presence!would!be!difficult!to!explain,!as!no!calcium!compounds!were!used!to!prepare!any!of!the!starting!materials!or!solvents!used!to!form!2.15.!The!fact!that!only!a!few!small!crystals!of!2.16!were!obtained!precluded!additional!characterisation!of!this!compound,!but!it!does!indicate!a!novel!bonding!mode!for!a!novel!ligand,!the!connectivity!of!which!is!wellTdefined!and!chemically!reasonable.!Yamashita!has!very!recently!reported!a!mononuclear!ruthenium!boronate!complex!of!an!analogous!ligand!system,!which!was!formed!by!oxidation!of!the!rutheniumTbound!boryl!ligand!B(NCH2PtBu2)2C6H4!with!NTmethylmorpholine!NToxide!and!displays!partial!B=O!double!bond!character.!The!B–O!bond!distance!of!1.329(6)!Å!is!comparable!to!those!of!2.16,!though!we!note!that!the!precision!associated!with!these!bond!lengths!is!modest.!
!
Figure12.23:1Multinuclear1Ru41cluster1reported1by1Jin1and1co,workers.1A!search!of!the!Cambridge!Structural!Database!returned!the!structure!of!a!cluster!similar!to!2.16!in!the!form!of!tetranuclear!species!K[(µTCl)(µTOCH3)Ru(COD)]4!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 62!(L.52,!Figure!2.23).76!In!this!structure,!a!central!potassium!atom!is!also!coordinated!to!the!chlorine!and!oxygen!atoms!of!two!identical!Ru2!complexes.!Similarly!to!2.16,!this!complex!appears!to!be!unusual!in!terms!of!its!charge!distribution,!as!no!counter!cation!appears!to!be!present.!No!discussion!of!the!electronics!of!this!system!is!given!apart!from!stating!that!it!is!paramagnetic,!though!the!structure!is!supported!by!microanalytical!data.!In!this!complex,!the!Ru–Ru!bond!distances!are!short!at!2.67329(16)!and!2.6846(18)!Å,!whereas!in!2.16!the!Ru1–Ru2!distance!is!3.1605(15)!Å,!significantly!longer!than!the!sum!of!their!covalent!radii!(2.92!Å).!The!K1–O!distances!of!2.16!are!notably!longer!than!those!of!the!literature!complex,!which!may!be!due!to!the!steric!restrictions!of!the!dppBO!ligand!framework.!Conversely,!the!K1–Cl!bond!lengths!are!significantly!shorter!relative!to!those!in!the!literature!structure,!while!the!Cl1–K1–Cl2!bond!angle!is!contracted,!which!may!be!to!accommodate!the!coordination!of!the!potassium!centre!to!the!sterically!restricted!oxygen!atoms.!
2.3! Attempted!Syntheses!of!Naphthalene<based!Boryl!Pincer!Ligands!Given!the!interesting!reactivity!observed!in!complexes!of!the!phenylenediamineTbased!boryl!pincer!ligands,!both!in!this!work!and!the!literature,!investigations!were!made!into!the!synthesis!of!their!naphthaleneTbased!analogues,!in!which!the!boron!atom!is!a!member!of!a!sixTmembered!ring.!For!analogous!NTheterocyclicTcarbene!systems,!there!have!been!some!indications!that!expanding!the!ring!system!from!fiveT!to!sixTmembered!results!in!stronger!electronTdonation.77T78!It!was!therefore!speculated!that!a!similar!trend!might!be!observed!for!boryl!ligands.!Additionally,!increasing!the!ring!size!should!alter!the!geometric!constraints!of!the!pincer!system,!decreasing!the!angles!α!(Figure!2.24),!thereby!directing!the!pincer!arms!closer!to!the!metal!such!that!the!P–M–P!angle!deviates!less!from!linearity.!
!
Figure12.24:1Generalised1structures1of1phenylenediamine,1and1naphthalene,based1boryl1pincers.1
P!
M!
P!B!
N!
N!
P!
M!
P!B!
N!
N!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 63!
2.3.1! Attempted!Syntheses!Analogous!to!dppBH!Preparation.!!Initial!efforts!to!generate!a!naphthaleneTbased!boryl!pincer!ligand!involved!modifying!the!route!used!by!Nozaki!and!Yamashita!for!R!=!Ph,!substituting!1,8Tdiaminonaphthalene!for!oTphenylenediamine!(Scheme!2.4).!Despite!several!attempts,!no!such!borane!compound!could!be!isolated!from!any!of!these!reaction!mixtures.!Some!attempts!were!also!made!to!isolate!an!intermediate!1,8Tbis(phosphinoalkylamino)naphthalene!product,!prior!to!treatment!with!borane!(Scheme!2.26).!These!were!also!met!with!little!success,!though!in!one!case!a!sample!of!the!reaction!mixture!in!THF/diethyl!ether!yielded!crystals!after!standing!for!several!weeks.!These!crystals!were!found!to!be!compound!2.17,!the!1,5Tbis(phosphinoalkyl)!isomer!of!the!desired!intermediate!product.!Though!this!compound!exists!in!the!literature,79T81!the!corresponding!synthesis!and!characterisation!appears!to!be!unreported.!We!found!that!2.17!could!be!prepared!readily!via!treatment!of!1,5Tdiaminonaphthalene!with!HOCH2PPh2,!details!of!which!may!be!found!in!Appendix!Section!A2!in!and!Experimental!Section!5.5,!along!with!full!characterisation.!!
! !
Scheme12.26:1Attempted1preparation1of1a11,8,bis(phosphinoalkylamino)naphthalene,1and1the1
1,5,substituted1isomer1obtained1from1a1crystal1sample.1The!mechanism!by!which!the!1,5Tsubstituted!isomer!formed!from!the!starting!materials!remains!unclear,!and!no!contamination!of!the!1,8Tdiaminonapthalene!starting!material!could!be!detected!by!1H!NMR!spectroscopy.!In!repeat!reactions!between!1,8Tdiaminonaphthalene!with!the!(hydroxyalkyl)phosphine!did!not!show,!close!monitoring!by!NMR!any!discernible!formation!of!this!product.!In!fact,!the!main!products!of!this!step!were!later!determined!to!be!diphenylphosphine!and!the!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 64!methyleneTbridged!analogue!of!the!desired!compound,!1,3Tbis(diphenylphosphinomethyl)T2,3Tdihydroperimidine!(2.18).!This!had!been!obtained!as!a!sideTproduct!in!one!attempt!to!prepare!the!desired!naphthaleneTbased!borane!using!the!NozakiTYamashita!ligand!synthesis!(Scheme!2.27),!and!was!isolated!in!a!17%!yield.!!
!
Scheme12.27:1Attempt1to1prepare1naphthalene,based1analogue1of1Nozaki,Yamashita1ligand,1
resulting1in1formation1of12.181(dan1=1diaminonaphthalene).1A!significant!amount!of!HPPh2!was!evident!in!the!31P!NMR!spectra!of!the!reaction!mixture!at!later!stages,!which!seemed!to!suggest!that!the!first!step!of!the!reaction!had!not!gone!to!completion.!We!therefore!speculated!that!the!central!methylene!group!had!been!installed!by!the!unreacted!paraformaldehyde!from!this!first!step!via!a!condensation!reaction.!Precedent!for!such!a!reaction!is!provided!by!Pozharskii!and!Starshikov!in!a!reaction!between!paraformaldehyde!and!1,8Tdiaminonaphthalene!to!form!2,3Tdihydroperimidine.82!However,!the!(hydroxymethyl)phosphine!should!have!been!formed!quantitatively!after!heating!paraformaldehyde!and!diphenylphosphine!for!30!min,!according!to!the!literature!preparation.83!Monitoring!the!second!step!of!the!reaction!by!31P!NMR!spectroscopy!showed!that!stirring!the!pure!HOCH2PPh2!with!1,8Tdiaminaphthalene!resulted!in!gradual!consumption!of!the!(hydroxymethyl)phosphine!to!give!diphenylphosphine!and!2.18.!This!indicates!that!while!some!HOCH2PPh2!undergoes!a!condensation!
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CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 65!reaction!with!the!amines,!reversion!to!its!starting!materials!is!also!occurring,!presumably!encouraged!by!the!consumption!of!formaldehyde.!Several!other!efforts!toward!preparing!a!naphthaleneTbased!analogue!of!dppBH!were!made,!and!are!described!in!Appendix!Sections!A3T4.!However,!having!obtained!2.18,!investigations!were!made!into!how!this!compound!might!react!with!transition!metal!complexes.!This!fortuitously!led!to!a!fertile!tangential!project!involving!perimidineTbased!pincer!ligands,!which!will!be!discussed!in!the!following!chapters.!
2.4! Conclusions!Novel!boryl!pincer!complexes!have!been!synthesised!by!direct!reaction!of!the!proTligand!dppBH!(2.1)!with!ruthenium!and!osmium!complexes!and!subsequent!ligand!manipulations.!The!boryl!complexes![Cl(CO)(PPh3)M(dppB)]!(2.2:!M!=!Ru,!2.7:!M!=!Os)!have!been!observed!to!undergo!various!reactions!involving!the!chloride!and!triphenylphosphine!ligands.!In!particular,!reactions!with!sodium!borohydride!readily!replaced!the!chloride!ligand!with!a!hydride!to!give!the!complexes![H(CO)(PPh3)M(dppB)]!(2.4:!M!=!Ru,!2.9:!M!=!Os).!The!ruthenium!complex!2.4!was!subsequently!found!to!react!with!carbon!disulfide!via!insertion!into!the!rutheniumThydride!bond!to!give!dithioformato!complex![(κ2S,S’TS2CH)(CO)Ru(dppB)]!(2.5).!However,!apart!from!this!reaction!complex!2.4!appeared!to!be!surprisingly!reluctant!to!undergo!reactions!involving!the!hydride!ligand.!Further!reactions!of!dppBH!with!complexes![MCl2(PPh3)3]!did!not!generate!boryl!complexes,!but!rather!resulted!in!the!σTborane!pincer!complexes![Cl2(PPh3)M(η2THBdpp)]!(2.10:!M!=!Os,!2.11:!M!=!Ru).!The!B–H!bond!in!complex!2.11!was!readily!cleaved!upon!reactions!with!πTacidic!ligands!to!give!boryl!complexes![Cl(L)2Ru(dppB)]!(2.12:!L!=!CO,!2.13:!L!=!CNMes)!via!loss!of!HCl.!B–H!cleavage!was!also!inferred!in!the!formation!of!complexes!2.14!and!2.15!by!treatment!of!2.11!with!sodium!borohydride!and!triethylamine,!respectively,!though!the!formulations!of!these!products!could!not!be!unambiguously!confirmed.!The!identity!of!complex!2.15!remains!particularly!uncertain,!though!one!sample!yielded!crystals!of!a!decomposition!product!2.16,!a!novel!tetranuclear!ruthenium!complex!with!bridging!dppO–!ligands.!
CHAPTER!2.!BORONTBASED!PINCER!LIGANDS!AND!COMPLEXES! 66!Various!routes!to!a!1,8TdiaminonaphthaleneTbased!analogue!of!dppBH!were!investigated,!though!no!such!product!could!be!isolated!from!these!attempts.!However,!the!dihydropermidineTbased!compound!2.18!was!obtained!as!a!sideTproduct!in!one!case,!reactions!of!which!are!to!be!discussed!in!detail!in!the!following!chapters.!
2.5! Future!Work!This!chapter!has!discussed!a!number!of!results!contributing!to!the!fledgling!field!of!boryl!pincer!chemistry.!However,!there!are!many!additional!avenues!of!exploration!open!to!future!researchers.!In!particular,!it!is!clear!that!the!potential!for!development!of!ruthenium!boryl!chemistry!such!as!that!described!above!has!not!been!exhausted.!Given!marked!difference!in!the!reactivity!between!complexes!with!slightly!altered!ligands!sets,!it!may!be!interesting!to!try!reactions!dppBH!with!a!larger!range!of!starting!materials.!For!example,!perhaps!it!might!be!worthwhile!to!use!a!ruthenium!precursor!without!a!πTacidic!ligand,!but!that!is!set!up!to!undergo!R–H!elimination,!to!give!boryl!species!(as!opposed!to!a!σTborane!species)!with!more!promising!reactivity!than!complex!2.4!([H(CO)(PPh3)Ru(dppB)]).!Using!a!precursor!such!as![RuHCl(PPh3)3],!rather!than![RuCl2(PPh3)3],!could!perhaps!give!such!a!fiveTcoordinate!species!by!favouring!B–H!cleavage!and!loss!of!dihydrogen.!Such!a!species!might!prove!to!be!sufficiently!reactive!to!warrant!catalytic!testing,!particularly!if!a!potentially!labile!ligand!such!as!triphenylphosphine!is!present.!! It!is!worth!noting!here!that,!though!investigations!into!PBP!boryl!pincer!complexes!have!included!most!of!the!platinum!group!metals,!no!chemistry!of!palladium!appears!to!be!reported!to!date.!Thus!an!obvious!extension!of!this!chemistry!is!to!coordinate!these!ligands!to!palladium!centres!to!complete!the!hexad.!Furthermore,!it!would!be!worth!exploring!modifications!to!the!ligand!scaffold,!such!as!incorporation!of!different!sideTarm!donor!atoms!(e.g.!sulfur),!or!introduction!of!chirality!through!substituents!on!the!side!arms.!!! The!work!presented!here!and!in!the!literature!represents!only!a!small!fraction!of!what!is!expected!to!be!the!vast!potential!of!boryl!pincer!systems,!and!various!interesting!results!already!obtained!will!no!doubt!inspire!many!more!in!the!future.!
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3.1!! Introduction:!N<Heterocyclic!Carbenes!The!first!examples!of!NTheterocyclic!carbene!(NHC)!ligands!appeared!in!the!literature!as!early!as!1968,1T2!and!in!subsequent!years!extensive!studies!by!Lappert!and!coTworkers!resulted!in!the!development!of!a!general!route!to!NHCTtransition!metal!adducts,!in!which!treatment!of!electronTrich!olefins!(enetetramines)!with!transition!metal!complexes!cleaves!the!C=C!bond!to!generate!complexes!with!one,!two,!three!or!even!four!NHC!ligands!(Scheme!3.1).3T5!Apart!from!this!work,!however,!interest!in!these!species!was!somewhat!limited!until!a!1991!report!by!Arduengo!describing!the!isolation!a!free!carbene!stable!enough!for!crystallisation!(L.53,!Figure!3.1).6!The!relative!stability!of!NHCs!led!to!their!use!as!efficient!spectator!ligands.!These!strongly!electronTdonating!ligands!have!since!found!major!utility!as!supporting!ligands!in!catalytic!systems,!prompting!significant!expansion!of!this!field.7T11!!
!
Scheme13.1:1Route1to1NHC1complexes1from1enetetramine1precursors,1x1=11,4.11
!
Figure13.1:1Arduengo’s1isolated1free1carbene,1Ad1=1adamantyl.1The!stability!of!NHCs!is!derived!in!part!from!electronic!effects.!The!incorporation!of!carbeneTadjacent!nitrogen!atoms!stabilises!the!singlet!carbene!state!via!πTinteractions!between!the!lone!pairs!and!the!empty!pTorbital!on!carbon.!This!gives!a!fourTelectron,!threeTcentre!πTsystem!in!which!there!is!partial!multiple!C–N!bonding!character!(Figure!3.2).!NHCs!were!initially!believed!to!be!purely!σTdonors,!though!there!is!now!evidence!to!suggest!that!πTbackTbonding!can!be!significant!in!some!cases.12T13!!
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!
Figure13.2:Electronic1configuration1and1resonance1structures1of1N,heterocyclic1carbenes.1NTheterocyclic!carbenes,!being!very!electronTrich,!neutral!σTdonors!with!limited!π,acceptor!ability,!can!be!considered!as!tertiary!phosphine!analogues,!though!the!unique!properties!of!NHCs!have!distinguished!these!ligands!as!more!than!mere!phosphine!mimics.!Comparison!between!carbonyl!stretching!frequencies!of!analogous!complexes!has!indicated!that!NHCs!possess!stronger!σTdonating!abilities!than!even!the!most!basic!phosphines.14T15!Furthermore,!NHCs!generally!bind!more!strongly!to!metals,!and!are!hence!less!prone!to!dissociation.12!The!shapes!of!the!two!classes!of!ligands!also!differ!significantly.!While!conical!phosphines!have!substituents!that!point!away!from!the!metal,!the!R!substituents!on!the!nitrogen!atoms!in!NHCs!point!toward!the!metal!(Figure!3.3)!and!to!some!extent!form!a!pocket!around!the!carbene!carbon.!Thus!the!bulky!adamantyl!substituents!in!Arduengo’s!initial!free!carbene!contribute!significantly!to!the!stability!of!this!species.!In!complexes,!however,!excessive!steric!pressure!around!the!metal!centre!can!favour!dissociation!of!the!NHC!ligand.16!
!
Figure13.3:1Shapes1of1tertiary1phosphines1and1NHCs.1
3.1.1!! Routes!to!N<Heterocyclic!Carbene!Complexes!Although!NHC!ligands!are!attractive!alternatives!to!phosphines!in!many!respects,!one!drawback!is!that!they!are!generally!less!readily!accessible.!A!number!of!strategies!for!coordinating!NHCs!to!metal!centres!have!therefore!been!developed,!and!have!been!reviewed!by!Peris.17!The!preparation!of!NHCs!from!enetetramine!precursors,!pioneered!by!Lappert!and!coTworkers!(vide1supra),!has!been!a!common!strategy.!However,!the!most!widely!employed!methods!involve!activation!of!cationic!azolium!precursors.!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 74!The!stability!of!NHCs!relative!to!other!carbenes!has!made!the!use!of!isolated,!preformed!NHCs!a!viable!route!to!carbene!complexes.!Free!NHCs!are!most!commonly!prepared!via!deprotonation!of!an!azolium!salt!using!sodium!hydride!or!potassium!
tertTbutoxide!(Scheme!3.2).17T18!The!NHC!can!then!be!used!to!directly!displace!labile!ligands!from!suitable!metal!precursors.!!!
!
Scheme13.2:1Generation1of1free1NHCs1from1azolium1salts1using1MR1=1NaH,1KOtBu.11This!route,!however,!is!limited!by!the!stability!of!the!desired!carbene!in!its!free!form,!and!it!is!mainly!unsaturated!NHCs!that!have!been!thus!isolated.!Furthermore,!the!sensitivity!of!the!isolated!carbenes!can!complicate!syntheses.!Activation!of!the!cationic!precursor!is!therefore!commonly!achieved!via!in!situ!deprotonation,!circumventing!the!need!to!handle!the!free!carbene.!Strong!external!bases!are!often!used!to!ensure!complete!deprotonation!and!give!high!yields.!For!example,!deprotonation!of!an!imidazolium!perchlorate!using!potassium!tertTbutoxide!in!the!presence!of!Pd(OAc)2!and!sodium!iodide!gives!the!palladium!bisTNHC!complexes!cis,1and!trans,L.54!in!an!overall!98%!yield!(Scheme!3.3).19!However,!in!some!cases!a!strong!base!may!also!deprotonate!in!undesired!positions,!in!which!case!low!temperatures!or!weaker!bases!are!required.!!!
!
Scheme13.3:1Synthesis1of1palladium1bis,NHC1complexes1via1in1situ1deprotonation1of1an1
imidazolium1salt1with1external1base1KOtBu.1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 75!! In!situ!deprotonation!may!also!be!achieved!without!an!external!base!if!metal!precursors!with!basic!coTligands!are!used,!such!as!acetate!or!hydride!ligands.!This!strategy!was!used!by!Öfele1!and!Wanzlick2!in!their!concurrent!early!reports!of!NHC!complexes,!using![CrH(CO)5]–!and!Hg(OAc)2!and!elevated!temperatures!to!give!complexes!L.55!and!L.56,!respectively.!
!
!
Scheme13.4:1Deprotonation1of1azolium1salts1using1basic1metal1co,ligands1by:1(a)1Öfele1to1give1a1
chromium1mono,NHC1complex;1(b)1Wanzlick1to1give1a1mercury1bis,NHC1complex.1Another!useful!method!of!activating!an!azolium!precursor!involves!using!silver!NHC!complexes!as!carbene!transfer!agents.!The!relative!stability!and!accessibility!of!silver!NHCs!have!made!this!strategy!a!particularly!useful!alternative!to!the!use!of!strong!bases!and!sensitive!free!carbenes.!The!deprotonation!of!the!azolium!salt!can!be!readily!achieved!by!treatment!with!a!silver!base!such!as!Ag2O,!generating!a!monoT!or!bisTNHC!complex!of!silver(I).17,20!This!complex!may!then!react!with!an!appropriate!metal!complex!precursor!to!effect!NHC!transfer,!which!is!driven!by!the!lability!of!the!Ag–NHC!bond!and!low!solubility!of!the!silver!halide!side!product!(Scheme!3.5).!!
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!
Scheme13.5:1Synthesis1of1metal,NHC1complexes1using1silver1transfer1reagents,1Y1=1X,1AgX2.11! In!certain!cases!the!C2–X!bond!(X!=!Me,!halogen,!H)!of!an!imidazolium!cation!may!be!activated!via!direct!oxidative!addition!to!a!lowTvalent!metal!complex,!often!of!a!group!10!metal.!This!was!demonstrated!by!Cavell!and!coTworkers!in!2001,!who!generated!NHC!complexes!via!C–I!and!C–H!oxidative!addition!to!platinum(0)!(Scheme!3.6).21!It!has!been!noted!that!C–H!activation!occurs!less!readily!than!that!of!a!C–halogen!bond,!though!the!former!can!be!favoured!by!incorporation!into!a!chelating!ligand.17,21!!
!
Scheme13.6:1Activation1of1imidazolium1cations1via1oxidative1addition1to1platinum(0).11
3.1.2!! Perimidine<based!N<Heterocyclic!Carbenes!Typically!NHCs!are!based!on!fiveTmembered!heterocyclic!rings,!types!A!and!B!(Figure!3.4)!being!the!most!common!architectures.!There!are!only!a!handful!of!examples!of!NHCs!of!type!C,!using!a!perimidineTbased!scaffold.22T29!This!framework!places!the!carbene!centre!in!an!electronTrich,!annulated!14!πTelectron!aromatic!system,!as!in!a!perimidine!molecule.30!Furthermore,!expanding!the!NHC!ring!from!fiveT!to!sixT
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 77!membered!influences!the!steric!impact!of!the!ligand,!decreasing!the!angle!α!and!directing!the!NTbound!groups!closer!to!the!carbene!atom.*!
!
Figure13.4:1Selected1N,heterocyclic1carbene1architectures.1The!earliest!example!of!a!perimidineTbased!NHC!(perTNHC)!was!described!by!Fehlhammer!in!1991,22!prior!to!the!explosion!of!interest!in!NHC!chemistry.!In!this!report,!the!complex![AuCl{C(NH)2C10H6}]!(L.59)!was!isolated!from!the!reaction!of!μT(1,2Tdiisocyanobenzene)bis(chlorogold)!with!1,8Tdiaminonaphthalene,!along!with!one!equivalent!of!the!benzimidazoleTbased!NHC!complex![AuCl{C(NH)2C6H4}]!(Scheme!3.7).!!
!
Scheme13.7:1Fehlhammer’s1synthesis1of1per,NHC1gold1complex1[AuCl{C(NH)2C10H6}].1However,!no!further!examples!appeared!in!the!literature!until!a!2003!report!by!Richeson!and!coTworkers,23!whose!studies!of!a!range!of!free!and!metallated!perTNHCs!particularly!highlighted!this!area.23,26!These!reports!described!the!isolation!of!several!perTNHCs!via!base!deprotonation!of!perimidinium!salt!precursors,!which!were!prepared!from!N,N’Tdisubstituted!diaminonaphthalenes!and!triethyl!orthoformate.!Most!of!these!could!be!isolated!as!free!carbenes,!though!in!a!couple!of!cases!dimerisation!was!observed!to!give!the!corresponding!enetetramines.!Three!rhodium!perTNHC!complexes,!L.60<62,!were!also!isolated!(Figure!3.5)!by!reactions!of!a!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!*!For!a!regular!pentagon!and!hexagon,!the!corresponding!angles!α!are!72°!and!60°,!respectively.!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 78!rhodium!complex!precursor!with!either!the!free!carbene!or!the!related!enetetramine.!On!the!basis!of!νCO!frequencies!of!the!two!dicarbonyl!complexes,!compared!to!analogous!complexes!incorporating!carbenes!of!types!A!and!B,!Richeson!et!al.!noted!that!the!perTNHCs!appear!to!be!the!stronger!electron!donors.!This!observation!is!supported!by!studies!by!Herrmann!and!coTworkers,!who!similarly!synthesised!perTNHC!rhodium!complexes!L.63!and!L.64!by!deprotonation!and!metallation!of!a!cationic!precursor!(Figure!3.5)25!and!compared!the!dicarbonyl!complexes!to!a!variety!of!5Tmembered!NHC!analogues,!finding!the!perimidineTbased!ligands!to!be!among!the!most!σTbasic.!However,!it!should!be!noted!that!a!computational!study!by!Gusev!opposes!these!findings.31!
!!
1
Figure13.5:1Rhodium1perTNHC1complexes1reported1by1the1Richeson1(L.60.62)1and1Herrmann1
(L.63.64)1groups.1In!2010!Mashima!and!coTworkers!expanded!the!field!of!perTNHC!chemistry!to!include!several!iridium!complexes!(Figure!3.6).28!The!ligands!were!again!prepared!as!perimidinium!salt!precursors!from!NTsubstituted!perimidines,!and!metallated!either!in!the!presence!of!base!or!using!a!silver!carbeneTtransfer!reagent!to!give!the!NHC!complexes!of!type!L.65.!Reacting!the!carboxylate!complexes!(A!=!AcO,!PhCOO)!with!phenylpyridine!in!refluxing!toluene!resulted!in!ortho!C–H!bond!activation!of!the!phenyl!amine!substituent!of!the!NHC!ligand!to!give!complexes!L.66.!For!the!acetate!complex!L.65!(A!=!AcO),!baseTassisted!metallation!of!a!second!NHC!ligand!in!the!presence!of!excess!AgOAc!resulted!to!give!a!bisTbidentate!complex!L.67,!(O^O!=!OAc)!in!which!the!acetate!ligand!can!be!substituted!by!an!acetylTacetonato!ligand.!Partial!decomposition!of!one!of!these!complexes!also!resulted!in!a!chloroTbridged!diTnuclear!Ir!complex!L.68!with!four!bidentate!NHC!ligands.!
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!
Figure13.6:1Iridium1per,NHC1complexes1reported1by1Mashima1and1co,workers.1Despite!being!a!relatively!underdeveloped!area!of!research,!the!catalytic!potential!of!
perTNHC!complexes!has!already!been!demonstrated.!Studies!by!Özdemir24!and!Dötz27!have!found!palladium!per,NHC!catalysts!to!be!efficient!for!Suzuki!coupling!reactions!of!haloarenes!and!phenylboronic!acid!(Scheme!3.8a)!and!Heck!coupling!of!haloarenes!and!nTbutyl!acrylate!(Scheme!3.8b).!These!catalysts!were!generated!in!situ1from!perimidinium!salt!precursors!and!palladium!acetate.!In!the!latter!report,!the!perTNHC!catalyst,!which!incorporates!the!carbenes!as!the!axial!donors!in!a!pincer!framework,!was!found!to!be!more!efficient!than!its!imidazole!and!benzimidazole!analogues.!This!is!attributed!to!increased!σ,donation!for!the!perTNHC!groups.!!
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11
Scheme13.8:1Catalytic1coupling1reactions1using1in1situ1generated1per,NHC1complexes.1Apart!from!Dötz’s!in!situ!generated!palladium!catalyst!the!only!pincer!compounds!featuring!perTNHCs!are!results!of!the!research!to!be!discussed!in!the!following!chapters.!Our!recent!report!on!this!work!presents!the!first!examples!of!per,NHC!inclusion!as!the!central!equatorial!group!of!a!pincer!system.29!Furthermore,!unlike!the!other!perTNHC!complexes!described!above,!and!indeed!for!most!NHC!complexes!in!general,!these!novel!ligands!can!be!metallated!via!double!geminal!C–H!bond!activation!of!a!readily!accessible!neutral!precursor.!While!instances!of!carbene!installation!by!double!dehydrogenation!have!become!increasingly!frequent,32!these!remain!rare!for!NHC!synthesis!and,!aside!from!our!work,!have!required!a!hydrogen!acceptor.33T35!Such!an!unusual!and!straightforward!preparation!of!an!NHC!complex!gives!some!indication!of!the!useful!properties!that!may!be!derived!from!incorporating!a!pincer!system.!
3.1.3!! Pincer!Ligands!With!Central!N<Heterocyclic!Carbene!Groups!Although!metal–NHC!bonds!are!inherently!strong,12,14!they!are!certainly!not!inert,!and!decomposition!via!a!variety!of!pathways!has!been!observed.36!Enhanced!NHC!stability!is!hence!one!among!many!advantages!to!be!derived!from!their!inclusion!within!pincer!scaffolds.!Given!the!many!attractive!features!of!both!systems,!it!is!unsurprising!that!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 81!their!combination!has!attracted!an!increasing!level!of!interest,!with!a!particular!emphasis!on!their!catalytic!potential.37T40!NHCs!have!been!incorporated!into!these!systems!both!as!axial!donors!E,!and!in!the!central!equatorial!position.!This!section!will!focus!on!these!latter!E(NHC)ETtype!pincer!complexes,!as!they!are!most!relevant!to!the!work!to!be!presented.!There!has!been!a!significant!amount!of!work!on!such!complexes!in!the!last!two!decades,!and!literature!examples!incorporate!metals!from!almost!all!the!groups!4!to!11,!group!10!chemistry!being!the!most!extensively!developed.!In!this!chapter,!we!are!interested!in!preparing!complexes!of!group!8!metals,!and!as!such!this!introductory!section!will!be!limited!to!an!overview!of!preparation!strategies!for!E(NHC)E!complexes!and!literature!examples!of!group!8!complexes.!
3.1.3.1! Preparation!of!E(NHC)E!Pincer!Ligands!As!with!NHCs!more!generally,!E(NHC)E!pincer!ligands!are!usually!prepared!from!azolium!or!iminium!salt!precursors.!The!most!common!method!of!synthesising!these!salts!involves!installing!the!side!arms!by!reaction!between!the!azole!and!two!equivalents!of!the!corresponding!haloTsubstituted!sideTarm!precursor.!These!reactions!usually!require!high!temperatures!and!the!presence!of!a!base.!For!example,!Cavell!et!al.!used!this!method!in!2001!to!generate!the!picolylTsubstituted!imidazolium!salt!L.74!as!shown!in!Scheme!3.9,!by!combining!2Tpicolyl!chloride!hydrochloride!and!imidazole!in!the!presence!of!sodium!bicarbonate!in!refluxing!ethanol.41!
!!
Scheme13.9:1Preparation1of1imidazolium1salt1N(NHC)N1pincer1ligand1precursor1by1Cavell1et1al.1For!Lee!and!coTworkers,!attempts!to!follow!such!a!oneTpot!synthetic!route!resulted!in!undesirable!sideTproducts,!hence!their!sideTarm!installation!used!a!twoTstep!procedure,!as!shown!in!Scheme!3.10.42!This!involved!first!generating!the!NTalkylimidazole!from!dichloroethane!and!imidazole!via!phaseTtransfer!catalysis,!followed!by!heating!of!this!product!to!reflux!in!further!dichloroethane!to!give!the!corresponding!imidazolium!salt!L.75.!In!this!case,!one!additional!step!is!required!to!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 82!incorporate!the!diphenylphosphine!E!groups,!which!is!achieved!via!displacement!of!the!chlorides!using!in!situ!generated!KPPh2.!
!
Scheme13.10:1Preparation1of1imidazolium1salt1P(NHC)P1ligand1precursor1by1Lee1et1al.1! Alternatively,!the!heterocyclic!ring!can!be!generated!from!a!substituted!diamine!via!ringTclosure!with!triethyl!orthoformate!in!the!presence!of!an!acid.!For!example,!Fryzuk!and!coTworkers!used!such!a!method!to!generate!the!imidazolinium!salt!L.76!(Scheme!3.11).43!Preparation!of!the!corresponding!diamine!often!requires!multiple!steps,!and!in!this!case!involved!generation!of!a!phosphineTsubstituted!aniline,!followed!by!treatment!with!1,2Tdibromoethane.!The!latter!step!required!protection!of!the!phosphine!by!conversion!to!a!phosphineTsulfide,!which!was!deprotected!after!ringTclosure!using!RaneyTnickel.!
!
Scheme13.11:1Preparation1of1imidazolinium1salt1P(NHC)P1ligand1precursor1by1Fryzuk1et1al.1! These!cationic!precursors!then!require!activation!via!the!methods!described!in!Section!3.1.1.!Deprotonation!with!an!external!base!or!basic!coTligand!has!been!used!in!many!cases!to!prepare!E(NHC)E!pincer!complexes.!The!former!is!usually!used!in!situ,!though!Fryzuk!has!also!used!this!method!to!generate!a!free!carbene!from!L.76,!employing!KN(SiMe3)2!as!the!base.!The!free!carbene!subsequently!reacted!with!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 83![RhCl(COD)]2!to!give!the!squareTplanar!rhodium!P(NHC)P!complex!L.77!(Scheme!3.12).44!This!group!has!also!employed!this!strategy!to!generate!zirconium!and!hafnium!complexes!of!dianionic!N(NHC)N!ligands.45T46!
!
Scheme13.12:1Preparation1of1free1carbene1from1L.761followed1by1metallation1to1give1P(NHC)P1
Rh(I)1pincer1complex.111! Direct!oxidative!addition!of!the!C2–H!bond!has!also!been!used!in!a!few!cases!to!generate!group!10!metal!complexes.!The!imidazolinium!salt!L.76!could!be!used!in!direct!reactions!with!zeroTvalent!nickel,!palladium!and!platinum!complexes!at!room!temperature!to!generate!square!planar!complexes!of!type!L.78!(Scheme!3.13,!R!=!iPr).43!Thomas!and!coTworkers!used!similarly!generated!analogous!palladium!and!platinum!complexes!in!which!R!=!Ph,!though!they!also!found!that!if!the!anion!of!the!imidazolinium!precursor!was!chloride!rather!than!hexafluorophosphate,!the!same!conditions!resulted!in!chloro!alkyl!complexes!L.79,!in!which!C–H!activation!has!not!occurred.!These!could!then!be!converted!to!NHC!complexes!L.78!upon!halide!abstraction!with!TlPF6.47!!!
1
Scheme13.13:1P(NHC)P1complexes1L.781prepared1via1C2–H1oxidative1addition1of1imidazolinium1
cations1by1Fryzuk1(R1=1iPr,1M1=1Ni,1Pd,1Pt)1and1Thomas1(R1=1Ph,1M1=1Pd,1Pt).1Chloro1alkyl1
complexes1L.791generated1by1Thomas1could1be1converted1to1L.78!upon1treatment1with1TlPF6.1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 84!Silver!transmetallation!has!also!been!a!popular!synthetic!strategy,!mainly!in!the!preparation!of!palladium!and!platinum!complexes.41T42,48T55!This!method!has!also!been!used!in!the!formation!of!complexes!of!ruthenium56!and!iridium,57!though!in!both!of!these!cases!ligand!manipulations!were!required!after!the!transmetallation!step!to!achieve!a!meridional!tridentate!coordination!mode.!! Various!other!metals!have!also!been!used!as!transfer!agents!for!E(NHC)E!ligands,!including!copper,!nickel!and!lithium,!which!have!been!used!to!coordinate!the!ligands!to!tantalum,58!chromium,59!ruthenium,!cobalt!and!all!the!group!10!metals.60T62!Liu!et!al.!have!also!used!tungsten!and!gold!for!transmetallation,!though!in!their!report!the!ligand!was!not!prepared!from!an!azolium!salt,!but!instead!was!assembled!on!tungsten!as!shown!in!Scheme!3.14.62T63!An!aminoTphosphinimine!was!reacted!with![W(CO)6],!deoxygenating!one!of!the!carbonyl!ligands!to!form!an!isocyanide!species,!which!is!subsequently!attacked!by!the!amine!moiety!to!give!an!NHC!complex.!Though!less!common!than!NHC!preparation!from!a!cationic!precursor,!this!type!of!metalTtemplate!controlled!reaction,!involving!nucleophilic!1,2Taddition!across!the!C≡N!triple!bond!of!a!coordinated!isocyanide,!is!a!known!synthetic!strategy!for!preparing!NHCs!and!other!heterocyclic!carbene!complexes.9!The!NHC!was!then!alkylated!using!2Tpicolyl!chloride!in!the!presence!of!sodium!hydride!to!give!a!bidentate!tungsten!complex,!which!reacted!directly!with![PdCl2(COD)]!to!give!the!palladium(II)!pincer!complex!L.80.!This!complex!could!also!be!generated!via!an!intermediate!gold!transfer!step,!though!the!overall!yield!was!significantly!reduced.!!
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Scheme13.14:1Liu1and1co,workers’1synthesis1of1an1N(NHC)N1pincer1Pd(II)1complex1via1assembly1
on1tungsten1followed1by1transmetallation.1! Other!routes!to!E(NHC)E!ligands!that!do!not!use!an!iminium!precursor!appear!in!early!reports!by!the!Sellmann64T65!and!Matsumura!groups.66!In!the!early!nineties!Sellmann!et!al.!detailed!the!preparation!of!dimeric!S(NHC)S!complexes!of!group!10!metals!via!in!situ!generation!of!an!enetetramine!from!the!corresponding!substituted!ethylene!diamine!and!triethyl!orthoformate!(Scheme!3.15).!This!reacts!with!the!metal!precursors!NiCl2!and![MCl2(COD)]!(M!=!Pd,!Pt)!to!give!the!corresponding!dimers,!which!were!converted!to!monomeric!complexes!of!the!type!L.81!upon!reactions!with!various!ligands.!!!
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Scheme13.15:1Sellman1and1co,workers’1preparation1of1S(NHC)S1complexes,1MLn1=1NiCl2,1
PdCl2(COD),1PtCl2(COD).1In!1995,!Matsumura!et!al.!reported!the!use!of!10TST3!tetraazapentalene!derivatives!to!prepare!S(NHC)S!and!N(NHC)S!complexes!of!rhodium!and!palladium!(Scheme!3.16).!These!ligand!precursors!were!generated!by!treatment!of!3,4,5,6TtetrahydroT2Tpyrimidine!thiol!with!n,butyllithium,!followed!by!reactions!with!2Tchloroacetophenone!and!a!substituted!isothiocyanate.67!The!tetraazapentalenes!then!underwent!direct!reactions!with!Pd(PPh3)4!and!RhCl(PPh3)3!to!give!pincer!complexes!of!type!L.82!and!L.83!with!loss!of!triphenylphosphine!sulfide.!
!
Scheme13.16:1Matsumura’s1preparation1of1S(NHC)S1and1N(NHC)S1complexes:1MLn1=1RhCl(PPh3)3,1
Pd(PPh3)4;1MLm1=1RhCl(PPh3)21Pd(PPh3);1R1=1Me,1Et,1pTClC6H4,1p,CH3OC6H4.1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 87!As!mentioned!previously,!the!work!to!be!presented!in!this!chapter!employs!a!novel!method!of!generating!E(NHC)E!complexes,!involving!rare!examples!of!NHC!formation!by!double!geminal!C–H!bond!activation!of!a!neutral!precursor.!
3.1.3.2! Group!8!E(NHC)E!Complexes!!
!!
Scheme13.17:1Lee1and1co,workers’1ruthenium1P(NHC)P1pincer1complexes,1DCE1=1dichloroethane.1! The!first!examples!of!group!8!E(NHC)E!complexes!were!reported!2005!by!Lee!et!al.,!and!were!the!P(NHC)P!ruthenium!complexes!L.84T88!(Scheme!3.17).56!The!pincer!ligand!in!these!complexes!has!relatively!flexible!ethylene!sideTarm!linkers,!and!could!also!adopt!a!facial!coordination!mode,!as!in!the!dimeric!chloroTbridged!precursor!L.89.!This!precursor!could!be!prepared!via!silver!carbene!transfer!or!by!direct!reaction!of!the!imidazolium!precursor!L.75!with!RuCl2(PPh3)3.!Reactions!of!dimer!L.89!with!carbon!monoxide,!phenylacetylene!or!pyridine!at!elevated!temperatures!resulted!in!the!formation!of!the!meridionally!coordinated!monomers!
L.84T86,!respectively.!The!hydrido!complex!L.87!could!be!prepared!by!heating!L.84!with!sodium!borohydride.!The!vinylidene!complex!L.85!was!observed!to!undergo!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 88!oxidative!cleavage!in!the!presence!of!air!to!give!L.84!and!benzaldehyde.!The!cationic!bis(pyridine)!complex!L.86!appeared!to!be!in!equilibrium!with!the!dimeric!precursor,!indicated!by!small!amounts!of!L.89!and!free!pyridine!observed!in!solutions!of!this!product.!These!solutions!of!L.86!were!found!to!be!sensitive!to!air,!one!sample!yielding!crystals!of!the!oxidised!ruthenium(III)!complex!L.88!after!exposure!to!air!for!a!week.!The!crystal!structures!of!L.84!and!L.88!both!showed!significantly!larger!Ru–Cl!distances!for!the!chloride!ligands!trans1to!the!carbene!compared!to!the!other!chloride!ligands,!reflecting!the!strong!trans!influence!of!the!NHC.!The!imidazole!rings!in!these!structures,!as!well!as!that!of!complex!L.86,!exhibited!significant!twist!angles!of!27.9T28.9°!relative!to!the!coordination!plane!of!the!pincer!ligand.!This!twisting!of!the!NHC!ring!is!a!recurrent!theme!for!these!types!of!complexes,!depending!on!the!flexibility!of!the!sideTarms.!The!ΛT!and!ΔTtwisted!forms!interconvert!rapidly!in!solution,!and!were!not!resolved!in!the!NMR!spectra!even!at!low!temperature,!though!there!was!some!broadening!of!the!ethylene!sideTarm!proton!resonances!in!the!1H!NMR!spectra!of!
L.84T87!that!was!attributed!to!the!fluxionality.!!! In!2010,!Dinda!and!coTworkers!reported!the!synthesis!of!the!bisTN(NHC)N!ruthenium!complex!L.90!(Figure!3.7).50!In!this!case,!the!ligand!comprised!a!central!benzimidazole!ring!system!with!pyridyl!sideTarm!donor!groups.!This!dicationic!complex!was!prepared!from!the!corresponding!benzimidazolium!salt!via!treatment!with!ruthenium!trichloride!in!the!presence!of!base,!followed!by!addition!of!KPF6.!In!2012,!Hanan!and!Schaper!similarly!synthesised!the!dicationic!bisTN(NHC)N!ruthenium!complex!L.91,!as!well!as!the!monoTN(NHC)N!complex!L.92.68!The!use!of!a!sixTmembered!NHC!ring!in!this!ligand!system!is!necessary!to!enable!the!tridentate!coordination!mode,!the!authors!noting!that!previous!work!with!a!fiveTmembered!ring!analogue!resulted!in!bidentate!coordination!due!to!unfavourable!steric!constraints.!The!reports!on!complexes!L.90T92!particularly!focus!on!the!electrochemistry!of!these!pincer!NHC!complexes,!and!studies!showed!that!both!complexes!underwent!reversible!redox!processes!with!lower!potentials!than!the!analogous!homoleptic!terpyridine!complex![Ru(tpy)2]2+,!reflecting!the!better!σTdonor!properties!of!the!NHC.!!
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Figure13.7:1Bis,1and1mono,N(NHC)N1complexes1of1ruthenium1prepared1by1the1Dinda1(L.90)1and1
Hanan1and1Schaper1(L.91,92)1groups.1! In!2011,!Chen!and!coTworkers!reported!pincer!coordinated!ruthenium!complexes!of!type!L.93!(Scheme!3.18).69!These!were!formed!by!coordination!of!bidentate!ligands!to!tetradentate!bisTpyridine!bisTNHC!ligand!complexes,!such!that!one!pyridine!groups!is!displaced!to!give!a!tridentate!coordination!mode.!!
!
Scheme13.18:1Pincer1coordinated1bis,NHC1complexes1prepared1by1Chen1et1al.1from1tetradentate1
precursors:1L1=1MeCN1or1CO,1i1=11,10,phenanthroline;1L1=1MeCN,1i1=1K2CO3,13,5,dimethyl,1H,
pyrazole.1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 90!In!2012,!the!same!group!reported!an!asymmetric!N(NHC)N!ruthenium!pincer!complex!L.94!with!a!related!ligand!scaffold,!which!was!generated!via!an!unusual!method!involving!nickel!transmetallation!(Scheme!3.19).60!The!report!discusses!the!generation!of!a!variety!of!NHC!complexes!from!nickel!precursors,!which!were!generated!by!direct!reaction!of!the!corresponding!imidazolium!salt!with!RaneyTnickel!powder.!These!precursors!were!then!used!to!transfer!the!carbenes!to!various!transition!metals,!such!as!in!preparation!of!L.94.!
!
Scheme13.19:1Chen’s1preparation1of1a1ruthenium1N(NHC)N1complex1via1nickel1transmetallation.11! Also!in!2012!came!the!report!of!an!iron!E(NHC)E!pincer!complex.70!Byers!et!al.!reported!the!synthesis!of!the!bis(imino)TNHC!complex!L.92!(Figure!3.8)!by!in!situ!base!deprotonation!of!a!trihydropyrimidinium!salt.!Similarly!to!what!was!observed!by!Hanan!and!Schaper,!the!steric!environment!of!the!imidazole!analogue!disfavoured!pincer!coordination,!the!analogous!reaction!resulting!in!a!bidentate!complex.!
!
Figure13.8:1Iron1N(NHC)N1complex1reported1by1Byers1et1al.1! As!with!complexes!L.90T92,!the!electronic!properties!of!the!iron!complex!were!investigated,!which!showed!a!lower!redox!potential!than!an!analogous!bis(imino)pyridyl!complex.!This!was!attributed!to!the!ability!of!the!carbene!to!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 91!stabilise!both!the!oxidised!and!reduced!forms!of!the!parent!complex,!making!this!system!a!promising!candidate!for!catalytic!applications.!Osmium!NHC!pincer!complexes!are!exceedingly!rare,71T72!and!to!date!there!do!not!appear!to!be!any!literature!examples!of!such!complexes!of!an!E(NHC)E!ligand.!The!work!to!be!discussed!in!this!chapter!will!describe!complexation!of!novel!perTNHC!P(NHC)P!pincer!ligands!to!ruthenium!and,!for!the!first!time,!osmium!centres.!!
3.2! !Ligand!Synthesis!After!attempts!to!obtain!a!naphthaleneTbased!borane!proTligand!gave!1,3Tbis(diphenylphosphinomethyl)T2,3Tdihydroperimidine!as!a!side!product,!as!described!in!Section!2.3.1,!investigations!were!made!into!the!deliberate!preparation!of!this!compound.!It!was!found!that!this!compound,!hereafter!referred!to!as!PhDHP!(3.1a),!and!its!cyclohexyl!analogue!CyDHP!(3.1b)!(Scheme!3.20)!could!be!achieved!by!heating!the!corresponding!secondary!phosphine,!paraformaldehyde!and!1,8Tdiaminonaphthalene!together!in!a!convenient!oneTpot!synthesis.!The!solventTfree!reaction!mixtures!gradually!solidified!as!the!HPR2!was!consumed,!and!the!residue!was!purified!by!dissolution!and!precipitation!from!an!appropriate!solvent!system!to!afford!the!colourless,!airTstable!products!in!analytically!pure!yields!of!77%!(3.1a)!and!73%!(3.1b).†!!!
!
Scheme13.20:1Synthesis1of1compounds13.1a1(R1=1Ph)1and13.1b1(R1=1Cy).+The!formation!of!3.1a!and!3.1b!was!supported!by!spectroscopic!and!microanalytical!data.!The!1H!NMR!spectra!of!the!products!showed!a!doublet!peak!consistent!with!the!PCH2N!groups,!a!singlet!corresponding!to!the!NCH2N!group!in!a!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!†!Although!only!the!PPh2!and!PCy2!examples!were!prepared!here,!there!is!nothing!to!suggest!that!the!protocol!could!not!be!extended!to!an!array!of!secondary!phosphines!HPR2.!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 92!2:1!ratio,!and!appropriate!resonances!for!the!R!groups!in!their!characteristic!regions.!The!31P{1H}!NMR!spectra!each!comprise!a!singlet!resonance!at!–26.0!and!–16.6!ppm!for!3.1a!and!3.1b,!respectively.!!
!
Figure13.9:1Molecular1structure1of13.1a1(displacement1ellipsoids1shown1at150%),1and1space,filling1
representations1of13.1a1and13.1b.1Selected1bond1lengths1(Å)1and1angles1(deg):11C1–N11=11.469(3),1
C1–N21=11.451(3),1N1–C21=11.402(3),1N2–C101=11.433(3),1N1–C211=11.453(3),1N2–C221=11.476(3),1
N1–C1–N21=1111.8(2),1C1–N2–C101=1110.5(2),1C10–N2–C221=1112.7(2);1∑(C–N1–C)1=1350.1,1
∑(C–N2–C)1=1336.0.1Selected1corresponding1bond1lengths1and1angles1for11b:1N2–C101=11.405(6),1
N1–C1–N21=1110.1(4),1C1–N2–C101=1113.4(4),1C10–N2–C221=1118.5(4);1∑(C–N1–C)1=1351.0,1
∑(C–N2–C)1=1346.0. The!structures!of!both!compounds!were!also!confirmed!by!XTray!crystallography.!Figure!3.9!shows!the!crystal!structure!of!compound!3.1a,!as!well!as!spaceTfilling!representations!of!both!3.1a!and!3.1b,!which!illustrate!the!increased!steric!bulk!around!the!phosphine!groups!in!the!latter.!In!both!compounds,!the!central!6Tmembered!heterocycle!adopts!a!puckered!conformation!in!which!C1!sits!above!the!plane!occupied!by!the!rest!of!the!ring.!The!two!structures!differ!in!the!N1–C1–N2,!C1–N2–C10!and!C10–N2–C22!bond!angles!and!the!N2–C10!bond!length,!presumably!due!to!the!steric!profile!of!the!cyclohexyl!groups!in!3.1b!restricting!the!orientation!of!the!N2Tbound!phosphinomethyl!group,!consequently!influencing!the!conformation!of!the!heterocyclic!ring!around!N2.!For!both!complexes,!the!angle!sums!around!the!nitrogen!
3.1a!
3.1b!
CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 93!atoms!reflect!a!significant!deviation!from!planarity,!which!may!be!attributed!to!the!steric!profiles!of!the!phosphine!substituents.!!!
3.3! Reaction!of!PhDHP!(3.1a)!with![RuCl2(PPh3)3]!
!
Scheme13.21:1Synthesis1of1complex13.2a.1A!direct!reaction!of!proTligand!3.1a!with!RuCl2(PPh3)3!yielded!the!asymmetric!pincer!complex!3.2a!(Scheme!3.21),!in!which!one!amine!group!is!coordinated!to!the!metal!centre!and!no!C–H!activation!has!occurred.!This!complex!appeared!to!be!moderately!air!stable.!Attempts!were!made!to!promote!C–H!activation!of!the!central!methylene!group!by!heating!a!solution!of!3.2a!to!80°C,!resulting!in!discouragingly!complex!mixtures!of!31P!containing!compounds,!as!observed!by!NMR!spectroscopy.!
!
Figure13.10:1Molecular1structure1of13.2a1(aryl1hydrogen1atoms1omitted,1phenyl1groups1simplified,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1and1angles1listed1in1Table13.2,1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 94!The!formulation!of!3.2a!is!consistent!with!the!NMR!data,!and!was!also!confirmed!by!an!XTray!crystallographic!study!(Figure!3.10),!details!of!which!are!discussed!in!Section!3.8.!The!31P{1H}!NMR!spectrum!shows!one!broad!peak!for!the!two!pincerTligand!phosphine!groups,!indicating!that!the!ruthenium!atom!hops!between!the!two!amine!groups!of!the!perimidineTbased!ligand,!and!that!this!exchange!is!reasonably!rapid!in!solution!at!room!temperature.!At!lower!temperatures!this!broad!peak!separates!into!two!doublets!of!doublets!at!δP!=!–9.0!and!–26.0!(tolueneTd8,!!!!!!!!!!!!–75°C).!The!resonances!are!trans!coupled!to!each!other!with!a!large!2JPP!value!of!293!Hz,!and!cis!coupled!to!the!PPh3!resonance!with!2JPP!=!28!Hz.!At!higher!temperatures!a!broad!doublet!is!recognisable,!though!the!sample!decomposes!before!this!becomes!well!resolved!(Figure!3.11).!!
1
Figure13.11:1NMR1signals1for1exchanging131PPh21nuclei1in1complex+3.2a1at1varying1temperatures.1
All1spectra1were1recorded1on1a1Varian1Inova15001spectrometer1(31P:1202.41MHz)1with1toluene,d81
as1the1solvent,1excluding1the1spectrum1taken1at160°C,1which1was1recorded1on1a1Varian1Inova13001
(31P:1121.41MHz)1spectrometer.+The!rate!constants!associated!with!the!two!exchanging!31P!nuclei!were!determined!from!the!line!widths!at!each!temperature.!These!were!then!used!to!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 95!calculate!approximate!values!of!the!activation!parameters,!though!we!note!that!this!system!is!not!ideal!for!the!accurate!determination!of!these!values,!due!to!factors!such!as!coupling!and!poor!signalTtoTnoise!at!low!temperature!(which!presumably!arises!from!low!solubility!of!3.2a).!Using!the!Arrhenius!equation!gave!the!energy!of!activation!(Ea)!at!approximately!52.9(2.3)!kJ/mol.!Use!of!the!Eyring!equation!gave!estimates!for!ΔG‡,!ΔH‡!and!ΔS‡!of!44.0(1.7)!kJ/mol,!50.7(2.3)!kJ/mol!and!26.0(9.3)!J/molTK,!respectively.‡!Though!the!error!associated!with!the!entropy!of!activation!is!relatively!large,!the!value!is!positive!within!the!95%!confidence!interval,!which!would!seem!to!fit!with!a!dissociative!amine!exchange!mechanism.!
!
Figure13.12:1COSY1spectrum1showing1coupling1of1protons1for1the1PCH21and1NCH2N1groups1in1
3.2a.1The1spectrum1was1recorded1on1a1Varian1MR,4001spectrometer1(1H:1399.91MHz,1C6D6,125°C).11The!exchange!is!more!rapid!with!respect!to!the!1H!NMR!time!scale,!and!reasonably!sharp!coalesced!peaks!were!observed!at!room!temperature.!Again,!lower!temperatures!retard!the!exchange!sufficiently!so!that!separate!PCH2!resonances!can!be!seen!for!both!methylene!groups,!though!these!did!not!become!clearly!resolved!within!the!temperature!range!used!(as!low!as!–90°C).!The!room!temperature!1H!NMR!spectrum!of!3.2a!in!CDCl3!shows!two!doublet!resonances!for!the!NCH2N!protons!at!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!‡!For!details!of!calculations!of!rate!constants!and!activation!parameters,!see!A1.2!in!Appendix.!
CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 96!4.16!and!4.18!ppm!(2JHH!=!5!Hz),!and!two!doublet!resonances!for!the!PCH2!protons!at!4.83!and!5.48!ppm!(2JHH!=!14!Hz).!The!COSY!spectrum!of!3.2a!in!C6D6!(Figure!3.12)!shows!that!the!PCH2!resonances!are!geminally!coupled!to!one!another,!and!suggests!the!same!for!the!NCH2N!protons!(though!it!is!less!clear!in!this!case!as!the!resonances!are!very!close),!indicating!that!the!protons!on!each!of!the!methylene!groups!are!inequivalent!due!to!asymmetry!in!the!molecule.!Some!broadening!of!these!resonances!is!observed!in!the!1D!spectrum,!and!hence!the!31P!coupling!is!not!discernible!for!the!PCH2!groups.!The!JPH!values!are!likely!to!be!small!due!to!a!combination!of!a!small!coupling!constant!for!2JPH!and!virtual!triplet!coupling!arising!from!the!transTphosphine!geometry,!as!was!observed!for!the!dppB!complexes!described!in!the!previous!chapter!(Section!2.2.1).!!
3.4! Reaction!of!CyDHP!(3.1b)!with![RuCl2(PPh3)3]!Given!that!the!reaction!between!PhDHP!and![RuCl2(PPh3)3]!resulted!in!no!C–H!activation,!we!speculated!that!an!analogous!reaction!between![RuCl2(PPh3)3]!and!the!more!σTbasic!and!sterically!bulky!CyDHP!might!provide!a!different!outcome.!When!the!ruthenium!precursor!and!3.1b!were!combined!in!solution!at!ambient!temperature,!double!dehydrogenation!was!indeed!observed!to!give!the!NHC!complex!3.3b.!!!
1 1
Scheme13.22:1Synthesis1of1complex13.3b.1It!may!be!argued!that!the!increased!steric!bulk!of!the!phosphine!substituents!in!
3.1b!plays!a!role!in!the!enhanced!reactivity!of!the!central!methylene!group!due!to!a!“gem,tTbutyl”!effect.73!This!effect,!which!an!extension!of!the!wellTestablished!ThorpeTIngold!or!gemTdimethyl!effect!in!organic!cyclisation!reactions,74!arises!from!bulky!substituents!on!a!tertiary!phosphine!ligand!restricting!rotation!around!the!P–M!and!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 97!P–C!bonds,!thus!the!loss!of!internal!entropy!on!cyclisation!is!small.!However,!we!are!inclined!to!suspect!that!it!is!rather!the!potent!σTbasicity!of!the!PCy2!groups!that!facilitates!C–H!oxidative!addition!(see!Section!4.11!for!mechanistic!conjecture).!The!reaction!took!place!over!48!hours!(room!temperature),!after!which!time!31P{1H}!NMR!spectroscopy!showed!that!all!the!starting!materials!had!been!consumed.!However,!purification!of!the!product!was!not!straightforward.!The!presence!of!organometallic!side!products!was!apparent!from!the!complex!NMR!spectra,!and!column!chromatography!on!silica!gel!was!necessary!to!isolate!3.3b.!An!orange!band!collected!contained!the!desired!product,!though!the!31P{1H}!NMR!spectra!showed!additional!compounds,!even!when!the!THF!concentration!in!the!eluent!was!reduced!(20%!to!10%!THF/nThexane)!and!the!mixture!chromatographed!at!–15°C.!The!solid!isolated!from!the!orange!band!therefore!had!to!be!further!purified!by!precipitating!from!toluene!using!nThexane.!This!gave!an!apparently!pure!(vide1infra)!sample!of!3.3b!as!a!yellow!powder.!An!attempt!was!made!to!isolate!the!other!compound!(or!compounds)!contained!in!the!orange!band!by!chromatography!of!the!filtrate!on!silica!gel,!using!toluene!and!later!THF!as!eluent.!The!major!band!collected,!however,!appeared!by!NMR!spectroscopy!to!comprise!a!mixture!that!was!much!more!complex!than!the!original!filtrate,!suggesting!decomposition!on!the!column.!From!the!NMR!spectra!of!the!yellow!powder!precipitated!from!toluene/nThexane,!it!appeared!initially!that!this!was!a!clean!sample!of!3.3b.!However,!additional!resonances!were!observed!in!the!aromatic!region!of!the!1H!spectrum.!Furthermore,!31P{1H}!NMR!spectra!recorded!at!low!temperatures!proved!more!complicated!than!the!room!temperature!spectrum,!and!contained!a!doublet!resonance!around!31!ppm,!a!triplet!resonance!around!17!ppm,!and!a!singlet!resonance!probably!corresponding!to!free!PPh3!(around!–7!ppm).!This!would!seem!to!suggest!that!the!powder!was!not!purely!one!compound,!but!contained!some!triphenylphosphine!that!was!exchanging!with!the!THF!ligand!to!form!a!second!complex.!These!impurities!were!removed!via!crystallisation!of!3.3b!from!THF!and!nThexane,!though!this!was!only!effective!on!a!small!scale.!The!purified!samples!gave!similar,!though!slightly!shifted,!NMR!spectra!to!those!of!the!crude!mixture!containing!triphenylphosphine.!!
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Figure13.13:11H13C1HMBC1detection1of1the1carbene113C1resonance1of13.3b1by1correlation1with1the1
PCH21protons.1This1spectrum1was1recorded1on1a1Varian1Inova15001spectrometer1(1H:1500.01MHz,1
13C:1125.71MHz,1CDCl3,125°C).1! The!31P{1H}!NMR!spectrum!of!the!crystals!of!3.3b!showed!a!singlet!peak!at!34.6!ppm,!while!the!1H!NMR!spectrum!showed!resonances!in!the!aromatic!and!cyclohexyl!regions,!a!broad!singlet!at!δH!=!4.24!consistent!with!the!PCH2!protons§!and!no!additional!CH2!proton!resonances,!supporting!the!formulation!of!3.3b!as!an!NHC.!Though!a!carbene!carbon!resonance!could!not!be!detected!in!the!1D!13C{1H}!NMR!spectrum,!it!could!be!detected!indirectly!in!a!1H13C!HMBC!experiment!through!the!PCH2!protons!at!δC!=!224.7!(Figure!3.13).!The!formulation!of!3.3b!was!substantiated!by!a!crystal!structure!determination!(Figure!3.14),!details!of!which!are!discussed!in!Section!3.7.!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!§!Again,!no!discernible!31P!coupling!was!observed.!
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Figure13.14:1Molecular1structure1of13.3b1(cyclohexyl,1naphthyl1and1THF1hydrogen1atoms1omitted,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1and1angles1given1in1Table13.2,1
Section13.7.1Complex!3.3b!was!expected!to!show!interesting!reactivity,!given!that!the!solvent!binding!site!should!be!readily!available!for!other!substrates,!particularly!due!to!its!location!trans!to!the!carbene.!However,!considering!the!number!of!yieldTreducing!steps!required!for!purification!of!the!complex!from!this!synthesis,!this!is!not!a!viable!route!for!largeTscale!preparation.!Furthermore,!the!complex!was!very!airTsensitive,!rapidly!changing!colour!from!orangeTyellow!to!green!on!exposure!to!air!in!solution.!NMR!spectra!of!the!resulting!green!solution!were!very!broad,!similar!to!those!of!a!green!band!that!was!obtained!from!chromatography!of!the!reaction!mixture.!This!compound!(or!mixture!of!compounds)!remains!unidentified,!though!the!broad!spectra!suggest!paramagnetism!due!to!a!ruthenium(III)!complex.**!!Some!attempts!were!made!to!synthesise!complexes!similar!to!3.3b,!without!the!troublesome!triphenylphosphineTcontaining!contaminant.!It!was!speculated!that!using!the!more!strongly!coordinating!acetonitrile!as!the!reaction!solvent!instead!of!THF!may!inhibit!coordination!of!PPh3.!The!CyDHP!ligand!did!not!appear!to!react!under!these!conditions,!though!a!colour!change!from!brown!to!yellow!and!NMR!data!indicated!that!a!reaction!had!occurred,!presumably!between!the!starting!material!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!**!Complexes!of!trivalent!ruthenium!are!commonly!green!in!colour.!
CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 100!RuCl2(PPh3)3!and!acetonitrile!solvent.!The!31P!NMR!spectrum!showed!a!large!amount!of!free!triphenylphosphine!and!a!few!small!singlet!peaks!around!40!ppm.!These!may!correspond!to!isomers!of!the!complex!RuCl2(NCMe)2(PPh3)3,!which!is!a!known!product!of!RuCl2(PPh3)3!and!acetonitrile,75!though!the!31P!NMR!data!for!these!species!do!not!appear!to!have!been!reported.!!!Other!attempts!involved!avoiding!PPh3!in!the!first!place,!using![(pTcymene)RuCl2]2!and!RuCl3.xH2O!as!the!starting!complexes.!The!reactions!of!CyDHP!with![(pTcymene)RuCl2]2!gave!mixtures!of!compounds!from!which!no!one!product!could!be!isolated.!Heating!a!slight!excess!of!CyDHP!with!RuCl3.xH2O!in!methanol!under!reflux,!analogous!to!the!synthesis!of![RuCl2(PPh3)3],76!resulted!in!a!green!reaction!mixture!that!gave!several!peaks!in!the!31P{1H}!NMR!spectrum!and!broad!peaks!in!the!1H!spectrum.!This!suggests!the!presence!of!one!or!more!paramagnetic!Ru(III)!complexes,!indicating!that!the!excess!proTligand!3.1b!does!not!readily!reduce!the!starting!material.!!
3.5!! Ligand!Replacement!Reactions!of![Cl2(C4H8O)Ru(CyPCNHCP)]!(3.3b)!Though!clean!samples!of!3.3b!proved!difficult!to!obtain,!the!crude!product!containing!some!PPh3!was!deemed!adequate!as!a!starting!material!for!reactions!in!which!the!THF/PPh3!ligand!is!displaced.!Based!on!31P{1H}!NMR!integrals!of!free!triphenylphosphine!and!product!in!the!mixtures!resulting!from!these!reactions,!approximately!20%!of!crude!starting!material!consisted!of!the!PPh3Tcontaining!complex.!The!average!molecular!weight!of!the!starting!material!was!calculated!accordingly!to!give!approximate!yields!(see!Experimental).!! This!displacement!was!found!to!occur!readily!upon!treatment!of!crude!3.3b!with!CO!to!give!complex!3.4b!(Scheme!3.23).!Stirring!in!DCM!under!a!CO!atmosphere!caused!an!immediate!colour!change!from!orange!to!yellow,!and!the!emergence!of!a!31P{1H}!NMR!peak!at!47.3!ppm!indicated!complete!conversion!to!the!product.!The!carbene!carbon!resonance!was!observed!in!the!13C{1H}!spectrum!at!δC!=!223.8,!very!close!to!that!of!3.3b,!while!the!CO!ligand!appeared!at!δC1=!205.5!(coupling!constants!for!these!resonances!could!not!be!determined!due!to!poor!signal!to!noise).!The!coordination!of!the!carbonyl!ligand!was!also!evident!from!an!infrared!CO!stretch!at!1978!cmT1!(KBr).!!
CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 101!Given!that!the!particularly!strong!electron!donation!ability!of!perTNHCs!reported!in!the!literature!is!based!on!νCO!frequencies,!we!sought!to!compare!this!complex!with!a!5Tmembered!NHC!analogue.!It!appears!that!the!only!complex!with!the!appropriate!ligand!set!is!Lee’s!ruthenium!dichloro!carbonyl!P(NHC)P!complex!of!the!type![RuCl2(CO)(PCP)],!where!PCP!is!based!on!an!a!central!imidazole!ring!(L.84!discussed!in!Section!3.1.3.2).!This!complex!gives!νCO!=!1948!cmT1,!significant!lower!in!frequency!than!that!of!3.4b,!contrary!to!what!would!be!expected!for!a!more!electronTrich!system.!However,!structural!data!for!Lee’s!complex!places!the!carbonyl!ligand!
trans!to!a!πTdonor!chloride,!while!in!the!crystal!structure!for!3.4b!(vide1infra)!the!carbonyl!is!trans!to!the!NHC!group.!The!stronger!C–O!interaction!inferred!in!the!latter!complex!could!therefore!be!due!to!the!greater!trans!influence,!hence!we!cannot!confidently!draw!conclusions!about!the!relative!net!πTbasicity!of!metal!centres!in!these!two!cases.!!
!
Scheme13.23:1Synthesis1of1complex13.4b,1L1=1THF,1PPh3.1XTray!quality!crystals,!obtained!from!a!DCM/nThexane!solvent!mixture,!supported!the!formulation!of!3.4b!(Figure!3.15a).!However,!crystals!obtained!from!a!CDCl3/nThexane!solvent!mixture!were!found!to!be!that!of!the!complex!salt![Cl(CO)(PPh3)Ru(CyPCNHCP)][Cl]!([3.5b]Cl)!(Figure!3.15b).!The!presence!of!the!triphenylphosphine!ligand!in!this!structure!was!surprising,!given!the!fact!that!free!PPh3!was!liberated!in!the!reaction!to!form!3.4b!and!subsequently!removed!by!washing!with!nThexane,!and!suggested!that!perhaps!PPh3!ligand!exchange!may!again!be!a!problem!with!this!product,!as!with!3.3b.!However,!when!the!remaining!CDCl3/nThexane!crystal!sample!was!redissolved!in!an!NMR!sample,!only!a!single!peak!was!observed!in!the!31P{1H}!NMR!spectrum,!consistent!with!complex!3.4b!and!not!3.5b+!Furthermore,!variable!temperature!NMR!studies!showed!no!evidence!of!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 102!triphenylphosphine!exchange,!though!this!does!not!necessarily!preclude!a!dynamic!process!that!is!very!rapid!on!the!NMR!time!scale.!
 
!
Figure13.15:1(a)1Molecular1structure1of13.4b;1(b)1molecular1structure1of13.5b+1(Cl–1counter,ion1
omitted,1phosphine1substituents1simplified).1(Aryl1and1cyclohexyl1hydrogen1atoms1omitted,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1and1angles1given1in1Table13.1,1
Section13.7.1Ligand!displacement!was!similarly!observed!upon!treatment!of!a!THF!solution!of!crude!3.3b!with!mesityl!isocyanide!to!give!complex!3.6b!(Scheme!3.24).!This!was!also!accompanied!by!an!instant!colour!change!to!give!a!yellow!solution.!!!
11
Scheme13.24:1Synthesis1of1complex13.6b,1L1=1THF,1PPh3.1The!31P{1H}!NMR!spectrum!of!the!purified!product!comprised!a!singlet!peak!at!45.6!ppm.!The!presence!of!the!isocyanide!ligand!was!supported!by!an!infrared!CN!stretch!at!2088!cmT1!(DCM),!and!a!13C{1H}!NMR!resonance!at!172.8!ppm,!while!the!carbene!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 103!carbon!resonance!was!observed!at!δC!=!229.2.!The!structure!of!3.6b!was!confirmed!by!a!crystallographic!study!(Figure!3.16).!!
!
Figure13.16:1Molecular1structure1of13.6b1(aryl,1cyclohexyl1and1methyl1hydrogen1atoms1omitted,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1and1angles1given1in1Table13.1,1
Section13.7.1The!reactions!to!form!3.4b!and!3.6b!both!proceeded!very!cleanly;!triphenylphosphine!and!THF!were!the!only!side!products!seen!in!the!NMR!spectra!of!the!reaction!mixtures.!!
3.6!! Reactions!of!CyDHP!(3.1b)!with![RuCl(CO)(R)(PPh3)2]!Compound!3.1b!was!used!in!a!reaction!with![RuCl(Ph)(CO)((PPh3)2],!in!the!hope!of!forming!an!NHC!complex!containing!a!hydride!ligand!via!elimination!of!a!benzene!molecule.!However,!the!room!temperature!reaction!instead!yielded!the!PNP!complex!
3.7b!(Scheme!3.25),!similar!to!the!formation!of!3.2a.!This!is!not!too!surprising,!given!the!presence!of!the!πTacidic!CO!group!rather!than!the!PPh3!group!in!the!previous!example,!decreasing!the!electronTdensity!at!the!metal!and!inhibiting!C–H!oxidative!addition!(see!Section!4.11!for!mechanistic!conjecture).!!
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Scheme13.25:1Synthesis1of1complex13.7b.1The!reaction!to!form!3.7b!took!place!within!two!hours!at!room!temperature,!indicated!by!the!development!of!a!31P{1H}!NMR!singlet!resonance!at!16.7!ppm.!The!formation!of!a!PNP!complex!was!suggested!by!the!presence!of!two!doublet!resonances!in!the!1H!NMR!spectrum!corresponding!to!the!central!methylene!protons.!As!with!complex!3.2a,!the!asymmetry!of!the!molecule!leads!to!two!separate!resonances!for!the!two!inequivalent!protons!on!each!methylene!group,!observed!at!4.01!and!5.91!ppm!(2JHH!=!11!Hz)!for!the!NCH2N!protons!and!4.57!and!4.67!ppm!(2JHH!=!14!Hz)!for!the!PCH2!protons.!In!this!case,!the!NCH2N!resonances!are!reasonably!far!apart,!and!hence!the!COSY!spectrum!(Figure!3.17)!reveals!that!they!are!mutually!coupled.!As!mentioned,!the!31P{1H}!NMR!spectrum!shows!one!peak!that!is!reasonably!sharp,!suggesting!amineTdonor!exchange!that!is!more!rapid!on!the!31P!NMR!timescale!than!for!complex!3.2a.!!
!
Figure13.17:1COSY1spectrum1showing1coupling1of1protons1for1the1PCH21and1NCH2N1groups1in1
3.7b.1This1was1recorded1on1a1Varian1MR,4001spectrometer1(1H:1399.91MHz,1CDCl3,125°C).1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 105!The!solution!IR!spectrum!showed!a!shift!in!the!νCO!peak!from!1924!cmT1!in!the!16Telectron!starting!material!to!1911!cmT1!in!the!18Telectron!product,!reflecting!a!marginally!weakened!C–O!bond!for!the!more!electronTrich!metal!centre,!as!expected.!! A!similar!reaction!was!performed!between!3.1b!and![RuCl(CH=CHPh)(CO)(PPh3)2],!yielding!the!PNP!complex!3.8b!(Scheme!3.26).!The!NMR!spectra!of!this!product!were!very!similar!to!those!of!3.7b,!showing!one!31P{1H}!NMR!singlet!resonance!at!16.6!ppm,!and!a!similar!pattern!of!methylene!1H!resonances.!The!νCO!band!was!slightly!higher!in!frequency!at!1921!cmT1!(KBr)!as!compared!to!3.7b!(1913!cmT1,!KBr),!indicating!a!slightly!less!electronTrich!metal!centre.! !
 
 
Scheme13.26:1Synthesis1of1complex13.8b.1
!
Figure13.18:1(a)1Molecular1structure1of13.7b;1(b)1molecular1structure1of13.8b.1(Aryl1and1
cyclohexyl1hydrogen1atoms1omitted,1displacement1ellipsoids1shown1at150%).1Selected1bond1
lengths1and1angles1given1in1Table13.2,1Section13.8.1
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 106!Good!quality!crystals!of!both!3.7b!and!3.8b!were!obtained,!the!crystal!structure!depictions!of!which!are!shown!in!Figure!3.18.!Details!of!these!structures!are!further!discussed!in!Section!3.8.!Formation!of!an!NHC!product!could!be!promoted!by!heating!3.7b!to!refluxing!temperature!in!toluene!over!four!days!to!form!complex!3.9b!(Scheme!3.27)!and!eliminate!benzene.!This!complex!proved!not!to!be!very!soluble!in!toluene,!precipitating!out!of!solution!as!the!reaction!progressed.!Several!unidentified!side!products!were!evident!in!the!31P!NMR!spectra,!though!these!conveniently!remained!dissolved!in!the!toluene!solvent.!!!
!
Scheme13.27:1Reaction1of13.7b1to1form13.9b.1The!conversion!of!3.7b!to!3.9b!was!accompanied!by!a!significant!downfield!shift!of!the!31P!resonance!to!61.4!ppm.!In!contrast!to!the!aforementioned!NHC!complexes!3.3b,!3.4b!and!3.6b,!which!possess!approximate!C2v!symmetry,!the!asymmetric!substitution!of!the!metal!centre!in!3.9b!results!in!Cs!symmetry!in!solution,!rendering!each!pair!of!PCH2!protons!diastereotopic,!hence!appearing!in!the!1H!NMR!spectrum!as!two!distinct!mutually!coupled!doublets.!The!presence!of!a!hydride!ligand!was!evident!from!a!triplet!resonance!at!–16.45!ppm!(2JPH!=!19!Hz).!Though!the!complex!3.9b!would!crystallise!well!from!a!range!of!solvent!mixtures,!these!crystals!were!invariably!very!thin!plates!that!were!not!of!crystallographic!quality.!However,!NHC!formation!was!confirmed!by!13C{1H}!NMR!data,!which!included!a!triplet!resonance!corresponding!to!the!carbene!carbon!atom!at1
δC!=!225.9!(2JPC!=!8!Hz).!Furthermore,!the!highTfield!shift!of!the!hydride!NMR!resonance!suggests!coordination!trans!to!the!chloride!ligand,!rather!than!the!carbonyl,!supporting!the!stereochemistry!shown!in!Scheme!3.27.!!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 107!The!carbonyl!absorption!of!3.9b!was!observed!at!1937!cmT1!(KBr),!which!is!in!fact!higher!in!frequency!than!those!of!imidazoleTbased!NHC!analogues!L.87!(Figure!3.19,!mentioned!earlier!in!Section!3.1.3.2),!and!RuCl2(CO)(PPh3)2(NHC)!(NHC!=!:C{N(CH2CH2OMe)CH}2)77!(L.96,!Figure!3.19),!with!absorptions!at!1929!cmT1!and!1925!cmT1,!respectively.!However,!caution!is!recommended!when!interpreting!infrared!data!for!metal!hydrido!carbonyl!complexes,!due!to!the!potential!for!coupling!of!the!νCO!and!
νMH!modes.!As!such!these!complexes!are!not!necessarily!suitable!models!for!comparing!the!relative!electron!donor!strength!of!the!NHC!group.!
!
Figure13.19:1Literature1examples1of1RuCl2(CO)(PR3)2(NHC)1complexes.1Complex!3.9b!could!also!be!generated!from!CyDHP!and!RuHCl(CO)(PPh3)3,!under!appropriate!conditions.!A!reaction!at!room!temperature!in!THF!over!two!days!gave!a!complex!mixture!of!products,!as!evident!from!the!31P!NMR!spectra.!Heating!the!starting!materials!to!reflux!in!benzene!overnight!gave!3.9b!as!the!major!product,!though!this!was!accompanied!by!side!products!that!were!not!completely!removed!by!washing!with!toluene.!Alternatively,!performing!the!reaction!in!refluxing!toluene!overnight!resulted!in!formation!of!3.9b!as!a!precipitate!that!required!little!additional!purification,!as!in!the!preparation!of!3.9b!from!3.7b!(Scheme!3.28).!
!
Scheme13.28:1Preparation1of13.9b1by1reaction1of1CyDHP1with1RuHCl(CO)(PPh3)3.1
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3.7!! X<ray!Structures!of!Ruthenium!NHC!Pincers!!The!molecular!structures!of!3.3<3.6b,!shown!in!Figure!3.14,!Figure!3.15!and!Figure!3.16,!are!generalised!in!Figure!3.20,!and!selected!bond!lengths!and!angles!are!summarised!in!Table!3.1.!The!C1–N!bond!lengths!in!the!NHC!complexes!are!significantly!shorter!than!in!3.1b,!reflecting!the!increased!N–C1!πTinteraction!in!the!carbene!ligand,!while!the!nitrogen!atoms!have!adopted!essentially!trigonal!planar!geometries.!The!RuTC1!bonds!are!markedly!longer!in!complexes!3.4T3.6b!than!in!3.3b,!due!to!the!stronger!transTinfluence!of!the!CO!and!CNMes!ligands!relative!to!THF.!All!of!these!values!are!within!the!range!observed!for!copious!structural!data!of!NHC!complexes!of!ruthenium(II).78!The!P–Ru–P!bond!angles!show!considerable!deviations!from!180°,!to!accommodate!the!geometric!constraints!of!meridional!pincer!coordination.!This!angle!is!particularly!contracted!in!complex!3.5b+,!presumably!due!to!interactions!of!the!dicyclohexylphosphino!groups!with!the!sterically!imposing!triphenylphosphine!ligand.!This!may!also!account!for!the!comparatively!long!Ru–P!bonds!in!this!complex.!In!the!molecular!structures!of!each!of!the!complexes!3.3T3.6b,!the!dihydroperimidine!backbone!is!planar!and!rotated!slightly!relative!to!the!coordination!plane.!The!twist!angles!between!the!best!planes!defined!by!the!ring!system!and!the!equatorial!plane!are!29.4°!and!27.5°!for!complexes!3.3b!and!3.5b+,!respectively,!considerably!larger!than!the!angles!of!19.9°,!21.8°!for!complexes!3.4b!and!3.6b,!respectively.!The!substantial!twisting!in!3.3b!may!arise!in!order!to!accommodate!the!relatively!short!Ru–C1!distance,!whereas!in!3.5b+!this!is!presumably!another!result!of!steric!interactions!between!the!substituents!on!the!cisTdisposed!phosphines.!However,!the!NMR!data!of!the!complexes!suggest!that!the!ΛT!and!ΔTtwist!forms!interconvert!rapidly!in!solution!at!ambient!temperature,!given!that!the!PCH2!protons!are!equivalent!in!the!1H!spectra!of!3.3b,!3.4b!and!3.6b.!Some!broadening!of!these!resonances!is!observed,!as!with!the!ruthenium!P(NHC)P!complexes!L.84T87!(Scheme!3.17),!and!this!presumably!obscures!the!weak!JPH!coupling.!!!
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!
Figure13.20:1General1structure1of1Ru1NHC1Pincers13.3,3.6b1(L31=1Cl2(C4H8O),1Cl2(CO),1
Cl(CO)(PPh3)1and1Cl2(CNMes),1respectively.1Aryl1and1cyclohexyl1hydrogen1atoms1omitted).1
Table13.1:1Selected1bond1lengths1and1angles1in1structures1of13.3,3.6b.1
Bond(Å)/Angle(°)! Complex!3.3b! Complex!3.4b! Complex!3.5b+! Complex!3.6b!RuTC1! 1.943(2)! 2.087(3)! 2.102(5)! 2.052(3)!C1–N1! 1.378(2)! 1.361(4)! 1.360(6)! 1.365(4)!C1TN2! 1.380(2)! 1.356(4)! 1.361(6)! 1.366(4)!N1–C21! 1.467!(3)! 1.472(4)! 1.464(6)! 1.476(4)!N2–C22! 1.471!(2)! 1.473(4)! 1.478(6)! 1.472(4)!N1–C2! 1.409!(2)! 1.429(4)! 1.414(6)! 1.414(4)!N2–C10! 1.406!(2)! 1.423(4)! 1.416(6)! 1.417(4)!C21–P1! 1.840!(2)! 1.846(3)! 1.849(5)!! 1.841(4)!C22–P2! 1.843(2)! 1.846(3)! 1.836(5)! 1.846(4)!P1–Ru! 2.3233(5)! 2.3311(8)! 2.3909(13)!! 2.3080(9)!P2–Ru! 2.3162(5)! 2.3249(8)! 2.3870(13)!! 2.3164(9)!P1–Ru–P2! 164.68(2)! 163.22(3)! 159.02(5)!! 163.44(3)!P1–Ru–C1! 82.52(6)! 81.41(8)! 79.82(13)! 82.06(10)!
!
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3.8!! X<ray!Structures!of!Ruthenium!PNP!Complexes!Crystal!structures!were!obtained!for!the!PNP!complexes!3.2a,!3.7b!and!3.8b,!as!shown!in!Figure!3.10!and!Figure!3.18.!A!general!structure!is!shown!below!in!Figure!3.21,!and!selected!bond!lengths!and!angles!are!summarised!in!Table!3.2.!The!coordination!of!the!amine!and!the!constraints!of!the!pincer!ligand!result!in!significantly!distorted!geometries!around!Ru1!and!N1!in!all!three!complexes.!In!particular,!the!P1–Ru–P2!and!P1–Ru–N1!angles!deviate!significantly!from!180°!and!90°,!respectively,!while!the!C21–N1–Ru!and!C2–N1–Ru!angles!deviate!considerably!from!the!ideal!tetrahedral!angle!of!109.5°.!!The!P1–Ru–P2!bond!angle!is!particularly!distorted!for!3.2a,!presumably!due!to!steric!interaction!between!the!phenyl!groups!on!the!pincer!ligand!and!PPh3.!This!may!also!account!for!the!lengthening!of!the!Ru–P!bonds!in!this!complex!compared!to!those!in!3.7b!and!3.8b,!though!this!may!also!reflect!the!stronger!σTdonation!expected!for!the!PCy2!groups.!Conversely,!the!N1–Ru!bond!length!is!considerably!shorter!in!3.2a,!which!may!be!related!to!the!expanded!P–Ru!bond!lengths!and!contracted!P1–Ru–P2!bond!angle,!allowing!N1!to!move!closer!to!the!metal.!!!The!perimidine!structure!in!each!case!is!virtually!perpendicular!to!the!plane!occupied!by!the!Ru–P!and!Ru–N!bonds,!which!causes!the!diastereopicity!of!methylene!protons!observed!in!the!1H!NMR!spectra,!with!one!proton!situated!closer!to!the!metal!centre!than!the!other.!The!N1–C!bond!lengths!are!all!considerably!longer!than!in!the!free!ligands!3.1a!and!3.1b,!indicating!weaker!N–C!bond!strengths,!presumably!due!to!the!σTdonation!of!N1!to!the!metal.!!The!fourTcoordinate!nitrogen!atom!in!complexes!3.2a,!3.7b!and!3.8b!is!a!chiral!centre.!The!crystal!structure!pictures!above!represent!the!S!enantiomer!for!3.2a!(Figure!3.10)!and!3.7b!(Figure!3.18a)!and!the!R1enantiomer!for!3.8b!(Figure!3.18b).!Exchange!between!the!amine!donor!groups!would!switch!the!chirality,!hence!the!complexes!must!be!racemic!in!solution.!The!centrosymmetry!of!the!crystal!structures!also!indicates!racemic!mixtures!in!the!solid!state.!!
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!
Figure13.21:1General1structure1of1Ru1PNP1complexes13.2a1(L31=1Cl2(PPh3),1R1=1Ph),13.7b1(L31=1
Cl(Ph)(CO),1R1=1Cy)1and13.8b+(L31=1Cl(CHCHPh)(CO),1R1=1Cy)1(aryl1hydrogen1atoms1omitted).+
Table13.2:1Selected1bond1lengths1and1angles1in1structures1of13.2a,+3.7b1and+3.8b.+
Bond!(Å)/!Angle!(°)! Complex!3.2a! Complex!3.7b! Complex!3.8b!C1–N1! 1.496(4)! 1.501(3)! 1.502(4)!C1–N2! 1.427(4)! 1.434(3)! 1.427(4)!N1–Ru! 2.368(2)! 2.419(2)! 2.406(2)!N1–C21! 1.495(4)! 1.505(3)! 1.499(4)!N2–C22! 1.464(4)! 1.463(3)! 1.468(4)!N1–C2! 1.451(4)! 1.441(3)! 1.450(4)!N2–C10! 1.409(4)! 1.409(3)! 1.413(4)!C21–P1! 1.842(3)! 1.865(3)! 1.858(3)!C22–P2! 1.878(3)! 1.876(2)! 1.874(3)!P1–Ru! 2.3689(8)! 2.3538(6)! 2.3400(8)!P2–Ru! 2.4100(8)! 2.3552(6)! 2.3763(8)!P1–Ru–P2! 155.23(3)! 163.28(2)! 163.47(3)!P1–Ru–N1! 68.13(6)! 68.39(5)! 68.26(6)!C21–N1–Ru1! 96.03!(16)! 93.61!(13)! 93.79(16)!C2–N1–Ru1! 115.06!(17)! 116.67!(14)! 117.59!(17)!
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3.9!! Reactions!of!DHPs!(3.1a,b)!with![OsCl2(PPh3)3]!Given!the!marked!difference!between!the!reactions!of!3.1a!and!3.1b!with![RuCl2(PPh3)3],!we!were!interested!in!investigating!the!analogous!reactions!with![OsCl2(PPh3)3].!The!reactions!of!both!3.1a!and!3.1b!proceeded!within!one!hour!at!room!temperature,!considerably!faster!than!the!analogous!reactions!with!ruthenium.!Furthermore,!double!C–H!activation!was!observed!in!both!cases!(vide1infra),!presumably!promoted!by!the!increased!basicity!of!the!osmium!centre.!!The!resulting!solutions!gave!31P!NMR!spectra!with!several!peaks.!Column!chromatography!gave!bright!yellow!bands,!though!the!31P!and!1H!NMR!spectra!still!suggested!a!mixture!of!compounds!after!these!initial!purification!attempts.!Eventually,!crystals!of!the!hydrideTcontaining!NHC!complexes!3.10a!and!3.10b!(Scheme!3.29)!were!obtained!by!slow!diffusion!of!diethyl!ether!or!nThexane!into!DCM!solutions!of!the!mixtures.!These!complexes!appear!to!be!the!first!examples!of!osmium!pincer!E(NHC)E!complexes.!Dissolution!of!the!crystals!in!an!NMR!sample!gave!clean!spectra!for!complex!3.10a.!However,!a!mixture!of!compounds!was!still!observed!in!the!NMR!spectra!of!the!crystals!of!3.10b.!The!mixtures!obtained!after!chromatography!appeared!to!comprise!two!distinct!compounds,!each!giving!a!resonance!in!the!hydride!region!of!the!1H!NMR!spectra,!and!two!31P!NMR!resonances.!The!chemical!shifts!and!coupling!constants!of!these!resonances!are!summarised!in!Table!3.3.!It!was!determined!that!the!higher!field!hydride!shifts!around!–18.5!ppm!correspond!to!the!complexes!3.10a,b!that!were!obtained!in!crystal!form,!as!well!as!the!two!downfield!31P!NMR!resonances.!The!other!complexes!in!each!mixture,!3.10a1!and!3.10b1,!give!the!same!number!of!hydride!and!31P!resonances!as!3.10a!and!3.10b,!with!the!same!multiplicities.!For!3.10a,b,!the!doublet!of!triplet!hydride!resonance!appears!as!a!quartet!due!to!identical!JPH!values!for!the!PPh3!and!PPh2!groups.!Complexes!3.10a1,b1!both!also!give!a!doublet!of!triplet!hydride!resonance,!though!in!these!cases!one!of!the!JPH!couplings!is!very!large,!suggesting!that!one!of!the!phosphine!groups!is!situated!trans!to!the!hydride!in!these!complexes.!!!
CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 113!
Table13.3:Selected1NMR1chemical1shifts1and1related1coupling1constants1for13.10a,b1isomers1
Complex! δOsH!(ppm)! δP!(ppm)! JPH!(Hz)! JPP!(Hz)!
3.10aa! –18.46!(dt)! 5.2!(m),!11.8!(d)! 17,!17! 18!
3.10a1b!
3.10b!b!
3.10b1!b!
–6.23!(dt)!–18.61(dt)!–6.82!(dt)!
–3.9!(t),!0.1!(d)!3.2!(t),!15.9!(d)!–10.8!(m),!1.2!(d)!
85,!25!16,!16!88,!26!
13!17!11!a!CDCl3!;!b!C6D6!! It!was!speculated!that!these!observations,!as!well!as!the!separation!problems,!could!be!accounted!for!by!the!formation!of!isomers!of!complexes!3.10a,b!in!which!the!Cl!and!PPh3!ligand!positions!are!exchanged!(Scheme!3.29).!Furthermore,!formation!of!
3.10a,!rather!than!its!isomer!3.10a1,!appeared!to!be!favoured!in!chlorinated!solvents.!Consequently,!3.10a!could!be!isolated!cleanly!from!the!reaction!(after!column!chromatography)!when!the!solvent!was!changed!from!THF!to!DCM.!Unfortunately!
3.10b!could!not!be!isolated!in!a!similar!manner,!and!could!only!be!obtained!as!a!mixture!with!3.10b1.!
!! !
Scheme13.29:1Reactions1of13.1a1and13.1b1with1OsCl2(PPh3)3.1Figure!3.22!shows!the!molecular!structure!of!3.10b,!as!well!as!views!along!the!pincer!coordination!planes!for!3.10a,b.!Complex!3.10a!exhibits!a!substantial!twist!angle!of!27.0°,!which!again!may!be!the!result!of!steric!interactions!between!the!diT!and!triphenylphosphine!groups.!However,!in!3.10b!the!plane!of!the!ring!system!is!virtually!parallel!to!the!plane!occupied!by!the!coordinating!atoms!of!the!pincer!ligand,!due!to!the!internal!crystallographic!mirror!plane!that!lies!on!the!plane!in!the!structure!of!3.10b!containing!C1,!Cl1,!H1!and!P3.!The!twisting!of!the!unique!half!of!the!ring!
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CHAPTER!3.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!SYNTHESIS!AND!GROUP!8!COMPLEXES!! 114!system!is!larger,!with!an!angle!of!8.8°.!Furthermore,!though!there!is!no!significant!disorder,!the!displacement!ellipsoids!of!the!atoms!in!the!perimidine!ring!system!in!
3.10b!indicate!libration!around!the!axis!within!the!mirror!plane!containing!C1!and!Os1.!! The!Os1–C1!distances!do!not!differ!significantly!between!the!two!complexes.!The!bond!lengths!of!the!pincer!ligand!are!similar!to!those!in!the!Ru!NHC!complexes!discussed!in!Section!3.7,!though!the!P1–M–P2!and!P1–M–C1!angles!are!more!contracted,!presumably!due!to!steric!interaction!between!the!PR2!and!triphenylphosphine!groups.!These!angles!are!slightly!more!contracted!for!3.10a,!which!could!be!attributed!to!crystal!packing!effects,!though!this!may!also!be!due!to!the!twisting!of!the!pincer!ligand.!
!
Figure13.22:1Molecular1structure1of13.10b!(aryl1and1cyclohexyl1hydrogen1atoms1omitted,1
phosphine1substituents1simplified,1displacement1ellipsoids1shown1at150%)!and1views1along1the1
pincer1coordination1planes1of13.10a1and13.10b1(aryl1hydrogen1atoms1and1phosphine1substituents1
omitted,).1Selected1bond1lengths1(Å)1and1angles1(deg)1for13.10b:1Os1,C11=12.051(10),1Os1–H11=1
1.70(12),1C1–N11=11.391(8),1P1–C211=11.827(8),1C1–Os1–P11=181.65(6),1P1–Os1–P1i1=1159.12(9),1
C1–Os1–P31=1179.3(3).1(P1i1is1a1symmetry,generated1atom1equivalent1to1P2).1Selected1
corresponding1bond1lengths1for13.10a:1Os1,C11=12.002(12),1Os1–H11=11.69(9),1C1–N11=1
1.385(12),1C1–N21=11.425(13),1P1–C211=11.844(41),1P2–C221=11.839(10),1C1–Os1–P11=179.1(3),1
P1–Os1–P21=1157.69(9),1C1–Os1–P31=1177.9(3).1
3.10a!
3.10b!
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3.10! Conclusions!Novel!2,3TdihydroperimidineTbased!proTligands,!PhDHP!(3.1a)!and!CyDHP!(3.1b),!have!been!generated!using!a!convenient!oneTpot!synthesis.!The!reaction!of!3.1b!with!RuCl2(PPh3)3!under!mild!conditions!resulted!in!double!dehydrogenation!of!the!central!methylene!group!to!give!the!NHC!pincer!complex![Cl2(C4H8O)Ru(CyPCNHCP)]!(3.3b).!This!product!could!be!reacted!further!with!carbon!monoxide!or!mesityl!isocyanide!to!give!complexes![Cl2(L)Ru(CyPCNHCP)]!(3.4b:!L!=!CO,!3.6b:!L!=!CNMes,!respectively).!However,!the!analogous!reaction!of!the!less!electronTdonating!proTligand!3.1a!with!RuCl2(PPh3)3,!as!well!as!reactions!of!3.1b!with!less!electronTrich!starting!materials,!gave!the!asymmetric!PNP!coordinated!complexes![Cl2(PPh3)Ru(PhPNP)]!(3.2a),!and![Cl(R)(CO)Ru(CyPNP)]!(3.7b:!R!=!Ph,!3.8b:!R!=!CHCHPh),!in!which!no!C–H!activation!had!occurred.!!! It!was!shown!that!heating!could!induce!double!dehydrogenation!in!PNP!complex!3.7b!to!give!the!NHC!complex![HCl(CO)Ru(CyPCNHCP)]!(3.9b),!though!this!was!a!slow!reaction!requiring!several!days!at!high!temperature.!This!product!could!also!be!generated!directly!from!3.1b!by!reaction!with!RuHCl(CO)(PPh3)3!at!high!temperature.!NTheterocyclic!carbene!pincer!complexes!of!osmium!were!also!generated!in!direct!reactions!between!the!DHP!proTligands!with!OsCl2(PPh3)3,!providing!what!appear!to!be!the!first!examples!of!E(NHC)E!pincer!complexes!of!osmium.!Generation!of!the!NHC!complexes![HCl(PPh3)Os(RPCNHCP)]!(3.10a:!R!=!Ph,!3.10b:!R!=!Cy)!was!significantly!more!facile!than!in!the!analogous!ruthenium!chemistry,!reinforcing!the!observation!that!carbene!formation!will!occur!more!readily!for!electronTrich!systems.!
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4.1! Introduction:!Group!9!E(NHC)E!Complexes!The!results!detailed!in!the!previous!chapter!indicate!that!double!geminal!C–H!activation!of!our!dihydroperimidine!proTligands!will!only!occur!readily!if!the!metal!complex!precursor!is!sufficiently!electronTrich.!We!were!therefore!interested!in!extending!this!chemistry!to!include!complexes!of!the!more!basic!(d8)!group!9!metals.!Furthermore,!all!of!the!d6!group!8!product!complexes!discussed!have!been!coordinatively!saturated,!somewhat!restricting!the!scope!of!their!reactivity.!Accordingly,!the!propensity!of!the!group!9!metals!to!support!lowTcoordinate!geometries,!especially!d8TML4,!was!also!desirable.!!! Unlike!those!of!group!8!metals,!reported!pincer!E(NHC)E!complexes!of!group!9!metals!include!examples!for!all!three!members!of!the!triad.!Examples!with!cobalt!comprise!three!complexes!L.97T99!reported!by!Chen!and!coTworkers1T2!(Figure!4.1).!Complexes!L.97!and!L.98!were!found!to!be!good!catalyst!precursors!for!a!Kumada–Corriu!crossTcoupling!reaction!between!phenyl!bromide!and!pTtolylMgBr!(Scheme!4.1).!
! !
Figure14.1:1Cobalt1N(NHC)N1pincer1complex1reported1by1Chen1and1co,workers,1R1=12,pyridyl,1R’1=1
2,pyrimidinyl.1
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!
Scheme14.1:1Kumada,Corriu1cross,coupling1of1PhBr1and1p,tolylMgBr,1cat.1=1L.97,1L.98.1! Reports!of!E(NHC)E!rhodium!pincer!complexes!appear!as!early!as!1995,!in!the!form!of!the!aforementioned!S(NHC)S!and!N(NHC)S!complexes!that!were!prepared!via!desulfurisation!of!10TST3!tetraazapentalene!derivatives!(complexes!L.82<83,!Scheme!3.16,!Section!3.1.3.1,!M!=!Rh).3!An!analogous!dianionic!Se(NHC)Se!ligand!was!later!prepared!and!coordinated!to!rhodium!via!a!similar!reaction!with!a!thiadiselenadiazapentalene!precursor!to!give!complex!L.100!(Scheme!4.2).4!
!
Scheme14.2:1Preparation1of1Se(NHC)Se1rhodium1complex1by1desulfurisation1of1a1
thiadiselenadiazapentalene1precursor,1R1=1p,Cl,Ph.1In!2005,!Gade!et!al.!reported!the!synthesis!of!the!asymmetric!N(NHC)N!pincer!complex!L.101!(Scheme!4.3)!by!reaction!of!the!corresponding!imidazolium!bromide!salt!with![Rh(OtBu)(nbd)]2,!followed!by!treatment!with!bromine.5!NMR!data!indicated!that!a!rhodium(I)!species!A!formed!initially,!in!which!the!N(NHC)N!ligand!was!coordinated!along!with!bromide!and!norbornadiene.!This!intermediate!was!thermally!unstable,!and!thus!the!reaction!had!to!be!performed!at!low!temperature.!!
!
Scheme14.3:1Gade1and1co,workers’1synthesis1of1an1N(NHC)N1Rh(III)1complex1via1an1unstable1
Rh(I)1species.1Concurrently,!Lee!and!coTworkers!reported!the!preparation!of!several!P(NHC)P!pincer!complexes!by!silver!transmetallation!to!rhodium!(Figure!4.2).6!These!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 124!complexes!used!the!same!ligand!system!as!in!the!previously!reported!ruthenium!complexes!(L.84T89,!Section!3.1.3.2).!The!rhodium!complexes!were!synthesised!using!a!silver!transfer!agent.!Reactions!with![RhCl(COD)]2!gave!rhodium(III)!complexes!
L.102!or!L.103,!depending!on!the!solvent!used.!The!reactions!were!anticipated!to!proceed!via!a!16Telectron!rhodium(I)!intermediate!B,!though!this!could!not!be!isolated,!presumably!due!to!its!instability.!Instead,!oxidative!addition!of!the!dichloromethane!solvent!to!this!species!resulted!in!the!formation!of!L.102,!while!a!reaction!in!DMF!gave!VI!due!to!oxidative!degradation!in!the!presence!of!silver!chloride.!Using!the!complex![RhCl(CO)2]2!instead!of!the!COD!dimer!in!the!initial!transmetallation!step!gave!the!rhodium(I)!species!L.104,!with!the!low!oxidation!state!stabilised!by!the!πTacidic!carbonyl!ligand.!All!three!complexes!were!found!to!efficiently!and!chemoselectively!catalyse!the!hydrosilylation!of!alkynes!with!hydrosilanes!with!similar!reactivity!and!selectivity,!suggesting!that!the!same!active!species!was!involved!in!each!case,!presumably!fourTcoordinate!species!B.!!
!!
Figure14.2:1Rh1P(NHC)P1complexes1isolated1by1Lee1et1al.,1and1proposed116,electron1intermediate1
B.11
!
Scheme14.4:1Catalytic1hydrosilylation1of1alkynes,1cat.1=1L.102,104.1In!2012,!Fryzuk’s!group!reported!examples!of!isolable!square!planar!P(NHC)P!complexes!of!rhodium(I)7!(Scheme!4.5).!The!chloro!complex!L.77,!generated!as!outlined!in!the!previous!chapter!(Scheme!3.12,!section!3.1.3.1),!reacted!with!methyllithium!or!potassium!triethylborohydride!to!give!the!corresponding!hydride!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 125!and!methyl!complexes!L.105!and!L.106.!These!latter!complexes,!however,!were!not!thermally!stable,!and!underwent!intramolecular!C–P!bond!activation!at!60°C!to!give!complexes!L.107!and!L.108.!This!process!was!proposed!to!proceed!via!an!oxidative!addition/reductive!elimination!pathway,!and!the!fact!that!a!similar!rearrangement!was!not!observed!for!the!chloro!complex!was!attributed!to!a!less!electronTrich!rhodium!centre.!!
!!
Scheme14.5:1Fryzuk1and1co,workers’1square1planar1Rh(I)1P(NHC)P1complexes1and1their1thermal1
rearrangement.1! Meridional!E(NHC)E!complexes!of!iridium!are!rare,!and!the!first!report!appears!to!be!Bercaw!and!coTworkers’!2010!publication!describing!iridium!pincer!systems!of!dianionic!O(NHC)O!ligands!(Scheme!4.6).8!BisTcyclometallation!followed!a!two!step!procedure!in!which!an!imidazolium!precursor!was!treated!with![IrCl(COD)]2!in!the!presence!of!base!to!give!a!bidentate!coordinated!iridium(I)!species,!which!is!oxidised!by!ferrocenium!in!acetonitrile!to!give!the!tridentate!iridium(III)!complex!L.109.!The!complex!could!then!be!heated!in!the!presence!of!acetonitrile!to!give!complex!L.110,!or!treated!with!excess!trimethylT!or!tricyclohexylphosphine!to!give!complexes!L.111!and!
L.112,!respectively.!The!latter!underwent!a!reversible!reaction!with!carbon!monoxide!to!give!L.113,!and!displacement!of!the!acetonitrile!ligand!by!chloride!gave!the!stable,!neutral!complex!L.114.!!! !!
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!
Scheme14.6:1O(NHC)O1pincer1complexes1of1iridium(III)1by1Bercaw1et1al.1These!systems!were!shown!to!be!promising!for!catalysis;!the!reaction!of!L.109!with!dihydrogen!generated!a!species!capable!of!catalysing!the!hydrogenation!of!cyclohexene!to!cyclohexane.!This!species!was!not!identified,!though!the!liberation!of!cyclooctane!and!absence!of!IrThydride!signals!was!noted.!Furthermore,!complex!L.114!was!shown!to!undergo!two!reversible!oneTelectron!oxidations,!indicating!the!potential!for!this!ligand!system!to!support!redoxTactive!catalysts.!The!products!of!these!oxidations!could!not!be!wellTcharacterised!due!to!instability,!but!experimental!data!and!theoretical!indicated!that!the!product!of!the!first!oxidation!was![L.114]+,!and!that!the!unpaired!electron!occupied!a!molecular!orbital!delocalised!over!both!the!metal!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 127!centre!and!the!pincer!ligand.!The!product!of!the!second!oxidation!could!not!be!characterised,!but!the!oxidation!potentials!were!consistent!with!either!an!Ir(IV)!or!Ir(V)!species.!!
!
Figure14.3:1Distorted1trigonal,bipyramidal1bis,allyl1NHC1complexes1of1iridium1by1Hahn1et1al.1(Y1=1
H,1(CY)21=1C6H4)1and1Mata1et1al.1(Y1=1Cl,1CH3).1A!few!tridentate!systems!of!type!L.115!have!been!reported!by!two!independent!groups9T11!in!which!the!bisTallylTNHC!coordination!mode!is!somewhere!between!meridional!and!facial.!These!complexes!adopt!what!is!best!described!as!a!distorted!trigonal!bipyramidal!geometry,!with!the!NHC!occupying!an!axial!position!and!the!two!allyl!donors!in!the!equatorial!plane!(Figure!4.3).!However,!other!than!the!aforementioned!OCO!complexes,!it!seems!that!the!only!other!published!examples!of!meridionally!coordinated!E(NHC)E!complexes!of!iridium!to!date!are!results!from!this!work,!which!we!reported!recently!alongside!related!complexes!of!rhodium.12!The!details!of!this!and!related!work!are!discussed!herein.!
4.2! Reactions!of!DHPs!(3.1a,b)!with![RhCl(PPh3)3]!The!chelateTassisted!C–H!activation!of!3.1a,b!proceeded!via!direct!reaction!with!the!complex![RhCl(PPh3)3]!at!ambient!temperature!to!form!the!NHC!complexes!4.1a,b!(Scheme!4.7).!The!31P{1H}!NMR!spectra!of!the!reaction!mixtures!showed!spectroscopically!quantitative!conversion!to!the!final!products!within!21!hours!(R!=!Ph)!and!10!minutes!(R!=!Cy),!the!evolution!of!dihydrogen!being!confirmed!by!1H!NMR!spectroscopy!(δH!=!4.47).!!!
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Scheme14.7:1Synthesis1of1complexes14.1a1(R1=1Ph)1and14.1b1(R1=1Cy).+Both!rhodium!complexes!could!be!precipitated!from!the!reaction!mixtures!to!afford!high!isolated!yields!(4.1a,!83%;!4.1b,!93!%).!The!formulations!of!4.1a,b!as!NHC!pincer!complexes!are!based!on!the!spectroscopic!data,!which!each!display!a!rhodiumTcoupled!doublet!resonance!in!the!31P{1H}!NMR!spectra!(4.1a,1δP!=!22.9;!4.1b,!δP!=!38.3),!and!one!1H!NMR!resonance!for!the!PCH2!protons!(4.1a,!δH!=!4.14;!4.1b,1δH!=!3.58)!with!no!additional!CH2!protons!evident.!Virtual!triplet!coupling!of!PCH2!protons!to!the!phosphorus!nuclei!is!observed!for!4.1a,!with!a!small!JHP!coupling!value!of!2!Hz,!though!it!could!not!be!discerned!in!the!1H!NMR!spectrum!of!4.1b.!Though!the!low!solubilities!of!the!complexes!precluded!acquisition!of!good!1D!13C!NMR!spectra,!the!carbene!carbon!resonance!of!4.1b!was!detected!in!a!1H13C!HMBC!experiment!at!δC!=!206.7,!close!to!the!value!of!δC!=!201.5!observed!for!the!similar!pincer!NHC!rhodium(I)!complex![RhCl(C{N(oT(PiPr2)C6H4)CH}2]!(complex!L.77,!Section!3.1.3.1),13!and!within!the!range!observed!for!the!perTNHC!rhodium(I)!complexes!L.60<62!(Section!3.1.2).14!! The!structures!of!4.1a,b!were!verified!by!crystallographic!studies!(Figure!4.4).!The!spaceTfilling!representations!shown!illustrate!the!enhanced!steric!crowding!of!the!metal!centre!by!the!cyclohexyl!groups!in!4.1b!relative!to!the!phenyl!groups!in!4.1a.!The!structure!of!4.1b!straddles!a!crystallographic!C2!axis!that!passes!through!C1!and!Rh1,!with!the!ring!system!of!the!pincer!ligand!lying!within!the!coordination!plane.!However,!broadness!of!the!PCH2!resonance!in!the!1H!NMR!spectrum!suggests!that!twisting!of!the!ring!system!occurs!in!solution.!In!contrast,!4.1a!exhibits!a!twist!angle!of!19.8°,!comparable!to!that!of!complex!3.4b,!which!also!possesses!sterically!modest!coTligands.!The!Rh1TC1!and!Rh1–Cl1!bond!lengths!do!not!differ!significantly!between!the!two!complexes,!and!are!comparable!to!those!observed!in!the!abovementioned!rhodium!pincer!NHC!L.77.!The!increased!Rh–P!bond!lengths!in!4.1a!compared!to!4.1b!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 129!can!presumably!be!attributed!to!the!greater!contraction!of!the!P–Rh–P!bond!angle!in!the!former,!which!again!may!be!a!result!of!twisting!of!the!pincer!ligand.!!
!
Figure14.4:1Molecular1structure1of14.1a1(aryl1hydrogen1atoms1omitted,1displacement1ellipsoids1
shown1at150%),1and1space,filling1representations1of14.1a+and+4.1b1viewed1along1the1
coordination1planes.1Selected1bond1lengths1(Å)1and1angles1(deg)1for14.1a:11Rh1,C11=11.948(4),1
C1–N11=11.388(4),1C1–N21=11.372(5),1Rh1–P11=12.2466(10),1Rh1–P21=12.2545(10),1Rh1–Cl11=1
2.4012(10),1C1–Rh1–P11=182.75(11),1C1–Rh1–P21=183.37(11),1C1–Rh1–Cl11=1173.09(11),1P1–
Rh1–P21=1165.01(4).1Selected1corresponding1bond1lengths1and1angles1for14.1b:1Rh1,C11=1
1.930(6),1C1–N11=11.390(5),1Rh1–P11=12.2338(12),1Rh1–Cl11=12.3998(16),1C1–Rh1–P11=184.90(3),1
C1–Rh1–Cl11=1180,1P1–Rh1–P1i1=1169.79(6).1(Pi1is1a1symmetry,generated1atom,1as1a1
crystallographic1C21axis1passes1through1C11and1Rh11in1the1structure1of14.1b)+Though!the!complete!formation!of!4.1a!took!place!over!21!hours,!the!starting!materials!appeared!to!have!been!completely!consumed!within!one!hour,!the!major!peaks!in!the!31P{1H}!NMR!spectrum!at!this!stage!being!a!doublet!of!doublets!at!61.3!ppm!and!a!doublet!of!triplets!at!17.9!ppm.!This!suggests!the!formation!of!an!intermediate!in!which!both!the!ligand!and!triphenylphosphine!are!coordinated!to!rhodium.!When!an!attempt!was!made!to!isolate!this!intermediate!by!precipitation,!a!small!amount!of!complex!4.1a!was!also!present!in!the!solid!obtained,!despite!not!being!detected!in!the!reaction!mixture.!The!1H!NMR!spectrum!of!the!solid!in!C6D6!
4.1a!
4.1b!
CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 130!showed!a!multiplet!hydride!resonance!at.!–17.6!ppm.!Additionally,!two!doublets!of!virtual!triplets!were!observed!at!ca.!3.9!ppm!and!4.8!ppm,!which!could!be!attributed!to!the!PCH2!protons,!suggesting!that!the!two!protons!on!the!methylene!groups!were!inequivalent!due!to!asymmetry!in!the!molecule.!!Two!possible!formulations!for!this!observed!intermediate!were!considered,!and!are!shown!in!Scheme!4.8.!Oxidative!addition!of!3.1a!to![RhCl(PPh3)3]!may!yield!the!sixTcoordinate!σT2Tperimidinyl!rhodium(III)!species!4.1aX,!which!subsequently!eliminates!dihydrogen!and!triphenylphosphine!to!form!4.1a.!There!are!certainly!examples!of!double!C–H!activation!via!such!a!twoTstep!process.15!Furthermore,!single!C–H!activation!to!form!a!σT2Tperimidinyl!complex!was!observed!in!a!later!reaction!between!3.1b!and![IrCl(CO)(PPh3)2]!(Section!4.7).!!
!
Scheme14.8:1Reaction1of13.1a1with1[RhCl(PPh3)3]:1proposed1intermediates/products.+!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 131!Alternatively,!the!reaction!between!3.1a!and![RhCl(PPh3)3]!may!release!HCl!to!form!the!fiveTcoordinate!carbene!complex!4.1aY,!which!may!subsequently!react!with!the!free!HCl!and!lose!H2!and!PPh3!to!form!the!final!product!4.1a.!This!formulation!was!supported!by!the!results!of!another!reaction,!in!which!compound!3.1a!was!treated!with!nTbutyllithium,!in!order!to!deprotonate!the!central!methylene!group,!prior!to!addition!of![RhCl(PPh3)3].!The!31P{1H}!NMR!spectrum!of!the!resulting!solution!shows!very!similar!resonances!to!those!of!the!observed!intermediate!in!the!preparation!of!
4.1a.!Attempts!to!isolate!a!pure!sample!of!this!product!were!again!plagued!by!the!inevitable!formation!of!4.1a.!However,!reasonable!1H!NMR!data!of!the!impure!product!could!be!obtained,!which!also!matched!that!of!the!intermediate!complex.!Thus!it!seems!likely!that!4.1aY!is!product!of!this!reaction,!as!well!as!being!the!intermediate!observed!in!the!formation!of!4.1a.!The!formation!of!a!pentacoordinate!complex!is!further!supported!by!the!1JRhP!coupling!of!the!diphenylphosphine!31P!resonance!at!δP!=!61,!which!shows!a!large!value!of!133!Hz.!This!is!slightly!reduced!relative!to!that!in!the!fourTcoordinate!4.1a!(1JRhP!=!153!Hz),!though!significantly!larger!than!those!observed!for!the!related!hexacoordinate!rhodium(III)!complexes!discussed!below!(Sections!4.3T4),!which!give!values!of!around!100!Hz.!The!mass!spectra!also!showed!strong!peaks!consistent!with!complex!4.1aY.!!In!an!attempt!to!disfavour!the!conversion!of!4.1aY!to!4.1a,!the!reaction!of!3.1a!and![RhCl(PPh3)3]!was!carried!out!in!the!presence!of!triethylamine!in!order!to!trap!HCl.!Unfortunately!this!appeared!to!have!little!effect,!and!a!pure!sample!of!complex!
4.1aY!remained!elusive,!all!attempts!to!crystallise!4.1aY!from!a!crude!sample!yielding!only!crystals!of!4.1a.!The!16Telectron!Rh(I)!complexes!4.1a,b!promise!rich!reactivity!due!their!vacant!coordination!sites!and!basicity.!Accordingly,!a!number!of!reactions!investigating!this!potential!were!undertaken,!as!described!in!the!following!sections.!!
4.3! Reactions!of![ClRh(PCNHCP)]!(4.1a,b)!with!diatomic!gases!Given!that!the!intermediate!4.1aY!should!lose!dihydrogen!to!form!4.1a,!we!might!expect!the!reverse!reaction!to!occur!in!the!presence!of!H2.!Alternatively,!dihydrogen!may!add!across!the!Rh–C!bond!of!4.1a,!as!has!been!observed!for!carbene!complexes!of!iridium,16T17!to!form!the!undetected!σT2Tperimidinyl!complex!4.1aX.!However,!when!a!
CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 132!sample!of!4.1a!was!placed!under!an!atmosphere!of!H2!in!the!presence!of!triphenylphosphine,!no!such!reversion!was!observed!in!the!NMR!spectra;!the!31P!spectrum!contained!two!major!resonances,!neither!of!which!showed!evidence!of!Rh–P!coupling,!indicating!the!formation!of!decomposition!products!in!which!the!pincer!phosphines!are!no!longer!coordinated!to!rhodium.!For!complex!4.1b,!essentially!no!reaction!was!observed!after!being!exposed!to!an!atmosphere!of!dihydrogen!overnight.!Both!4.1a!and!4.1b!readily!reacted!with!the!oxygen!in!air,!as!anticipated.!For!
4.1a,!exposure!to!air!resulted!in!the!formation!of,!amongst!other!products,!a!compound!that!gave!a!singlet!31P!resonance!at1δP!=!27.8!(C6D6),!and!single!doublet!resonance!in!the!methylene!region!of!the!1H!NMR!spectrum,!suggesting!oxidation!of!the!phosphine!groups.!A!1H13C!HMBC!experiment!located!a!peak!at!δC!=!203,!suggesting!that!the!NHC!is!still!coordinated!to!rhodium,!hence!we!tentatively!propose!the!formation!of!4.2a!(Scheme!4.9),!in!which!the!P=O!groups!may!or!may!not!interact!with!the!metal!centre.!However,!it!should!be!noted!that!mass!spectra!did!not!display!any!peaks!consistent!with!the!structure!4.2a.!!
! !
Scheme14.9:1Proposed1products14.21of1the1reactions1of14.11with1O2.1For!4.1b,!the!reaction!with!oxygen!appeared!to!occur!at!the!metal!centre,!as!shown!by!the!appearance!of!a!doublet!in!the!31P!NMR!spectrum!at!30.0!ppm!(C6D6).!The!1JRhP!value!of!102!Hz,!cf.!148!Hz!for!4.1b,!is!consistent!with!a!pseudoToctahedral!rhodium(III)!species,!while!the!presence!of!two!doublets!in!the!methylene!region!of!the!1H!NMR!spectrum!indicates!an!asymmetric!distribution!of!ligands!that!could!result!from!dioxygen!coordination!as!in!the!proposed!complex!4.2b!(Scheme!4.9).!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 133!Unfortunately,!the!NMR!spectra!suggested!that!this!product!was!not!the!only!species!formed!on!reaction!of!4.1b!with!air,!and!this!combined!with!very!poor!solubility!precluded!full!characterisation!of!this!complex.!However,!mass!spectra!of!the!crude!product!showed!a!peak!at!m/z1=!723.7,!consistent!with![4.2b!–!Cl]+.!Additionally,!the!infrared!spectrum!showed!a!band!at!863!cmT1,!which!may!be!tentatively!assigned!to!a!
ν(O–O)!mode,!lying!within!the!range!observed!for!rhodium!peroxo!complexes!of!850–910!cmT1.18!However,!this!also!lies!within!the!complex!fingerprint!region!for!the!pincer!ligand,!thus!the!assignment!is!not!unambiguous.!!Furthermore,!neither!4.1a!nor!4.1b!appear!to!readily!coordinate!dinitrogen,!given!that!there!is!no!indication!of!Rh–N≡N!stretches!in!their!infrared!spectra,!despite!all!manipulations!being!performed!under!a!dinitrogen!atmosphere.!
4.4!! Oxidative!addition!reactions!of![ClRh(CyPCNHCP)]!(4.1b)!Complex!4.1b!reacted!rapidly!with!iodomethane,!resulting!in!at!least!four!products,!as!suggested!by!the!presence!of!four!distinct!doublets!in!the!31P{1H}!NMR!spectrum,!that!could!not!be!readily!separated.!Using!an!excess!of!iodomethane!initially!resulted!in!formation!of!a!complex!with!δP!=!19.3!(C6D6,!1JRhP!=!101!Hz)!as!the!major!product.!However,!when!attempts!were!made!to!precipitate!this!compound!from!solution,!significant!amounts!of!three!other!compounds!characterised!by!peaks!at!δP!=!19.5!(1JRhP!=!100!Hz),!24.7!(1JRhP!=!103!Hz),!25.3!(1JRhP!=!101!Hz)!were!always!present!in!solutions!of!the!product.!Adding!iodomethane!in!a!1:1!ratio!resulted!in!formation!of!all!of!these!compounds!in!approximately!equal!proportions!based!on!NMR!integrals.!The!reduced!1JRhP!values,!cf.!148!Hz!for!4.1b,!indicates!the!formation!of!octahedral!Rh(III)!complexes,!which!are!likely!to!be![(CH3)ClIRh(CyPCNHCP)]!(4.3b)!and![(CH3)I2Rh(CyPCNHCP)]!(4.4b),!and!perhaps!their!positional!isomers!4.3b1!and!4.4b1!(Scheme!4.10).!However,!little!information!about!the!presence!of!methyl!ligands!could!be!gleaned!from!the!1H!NMR!spectrum!due!to!the!overlapping!cyclohexyl!resonances.!!
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!
1
Scheme14.10:1Proposed1products14.3b+and14.4b1of1reaction1of14.1b1with1iodomethane.1Complex!4.1b!appeared!to!be!stable!in!dichloromethane!for!several!hours!at!ambient!temperature.!However,!at!reflux!4.1b!cleaves!a!dichloromethane!C–Cl!bond!to!afford!the!Rh(III)!complex!4.5b!(Scheme!4.11).!The!reaction!took!place!over!20!hours,!product!formation!being!evident!from!the!development!of!a!doublet!in!the!31P{1H}!NMR!spectrum!at!δP!=!22.1,!with!the!coupling!constant!of!1JRhP!=!99!Hz,!cf.!148!Hz!for!4.1b,!reflecting!the!octahedral!coordination!mode.!
!
Scheme14.11:1Oxidative1addition1of1DCM1by14.1b1to1form1complex14.5b.1The!1H!NMR!spectrum!of!the!product!in!CDCl3!showed!one!multiplet!peak!at!4.45!ppm,!which!was!attributed!to!both!the!PCH2!groups!and!the!CH2Cl!protons!based!on!relative!integrals.!In!C6D6,!however,!these!resonances!separated!to!give!two!doublets!at!4.24!and!4.31!ppm!for!the!diastereotopic!PCH2!protons,!indicating!cis1coordination!of!the!two!chlorides,!and!a!triplet!of!doublets!at!4.93!ppm!corresponding!to!CH2Cl,!with!3JPH!and!2JRhH!coupling!constants!of!7!and!2!Hz,!respectively!(cf.!δH!=3.61,!3JPH!=!8!Hz,!2JRhH!=!3!Hz!in!CDCl3!in!complex!L.102).!The!CH2Cl!moiety!appears!in!the!13C{1H}!NMR!spectrum!as!a!doublet!of!triplets!at!δC!=!37.2!(1JRhC!=!30!Hz,!2JPC!=!8!Hz),!while!the!carbene!resonance,!also!a!doublet!of!triplets,!is!located!at!δC!=!205.8!(1JRhC = 
50 Hz, 2JPC = 5 Hz),!close!to!that!of!the!precursor!4.1b. 
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4.5!! Reactions!of![ClRh(CyPCNHCP)]!(4.1b)!with!Neutral!Ligands!Complex!4.1b!reacted!readily!with!carbon!monoxide!and!carbon!disulfide!to!give!quantitative!conversion!to!new!products,!as!shown!by!31P!NMR!spectroscopy.!However,!removal!of!solvent!in1vacuo!resulted!in!reversion!to!4.1b!in!both!cases,!and!consequently!the!products!could!only!be!characterised!in!solution.!!
!
Scheme14.12:1Reaction1of14.1b1with1CO1to1form14.6b1(proposed)1and1with1CS21to1form14.7b.1Placing!a!suspension!of!4.1b!in!benzene!under!an!atmosphere!of!carbon!monoxide!resulted!in!an!immediate!colour!change!from!orange!to!yellow,*!accompanied!by!replacement!of!the!31P{1H}!NMR!resonance!of!4.1b!with!a!broad!doublet!at!δP!=!52.5!(1JRhP!=!130!Hz).!The!methylene!protons!appeared!as!a!broad!singlet!peak!in!the!1H!NMR!spectrum!at!5.25!ppm.!The!broad!peaks!perhaps!suggest!a!dynamic!process!in!which!the!CO!ligand!is!coordinating!to!the!metal!centre!to!form!
4.6b!(Scheme!4.12)!and!dissociating!to!reform!4.1b.!This!exchange!precluded!the!acquisition!of!good!quality!13C!NMR!data.!Furthermore,!attempts!to!isolate!the!product!resulted!in!either!reversion!to!4.1b,!or!a!complex!that!gave!similar!NMR!data!to!those!of!4.2b,!despite!all!manipulations!being!carried!out!under!nitrogen!using!standard!Schlenk!techniques.!Solution!IR!spectroscopy!of!the!reaction!mixture!showed!a!broad,!weak!band!in!the!carbonyl!region!at!1988!cmT1!with!a!shoulder!at!2000!cmT1.!The!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!*!Though!hardly!defininitive,!in!many!cases!decolourisation!of!d6!or!d8!complexes!often!accompanies!an!increase!in!coordinative!saturation.!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 136!weakness!of!the!bands!and!the!fact!that!there!were!two!and!not!one!may!suggest!that!the!sample!was!decomposing!under!the!nitrogen!atmosphere!in!the!infrared!cell.!Given!the!poor!quality!of!these!spectroscopic!data,!the!proposed!formation!of!4.6b!remains!speculative.!Another!possible!formulation!is!that!CO!had!displaced!the!chloride!anion!to!give!a!dicarbonyl!cationic!species,!which!may!account!for!the!second!infrared!CO!stretching!band,!though!we!might!expect!such!a!species!to!exhibit!very!low!solubility!in!the!nonpolar!benzene!solvent.!!! In!contrast!to!4.6b,!the!formation!of!the!CS2!adduct!4.7b!from!4.1b!(Scheme!4.12)!was!well!supported!by!NMR!and!crystallographic!data.!When!a!suspension!of!
4.1b!in!C6D6!was!treated!with!carbon!disulfide,!a!rapid!colour!change!from!bright!orange!to!pale!orange!was!observed.!The!31P{1H}!NMR!spectrum!showed!a!sharp!doublet!at!δP!=!31.3!with!1JRhP!=!103!Hz,!while!the!1H!spectrum!displayed!two!distinct!doublet!peaks!at!δH!=!4.32!and!4.40.!The!13C{1H}!NMR!spectrum!confirmed!CS2!coordination,!displaying!a!rhodiumTcoupled!doublet!peak!at!δC!=!260.3!(JRhC!=!12!Hz),!close!to!those!of!literature!examples!of!18Telectron!Rh(I),(η2TCS2)!complexes!which!give!resonances!at!251.1!ppm19!and!256.9!ppm.20!The!small!Rh–C!coupling!(cf.!24.1T38.8!Hz!in!the!literature!complexes)!may!be!a!result!of!the!weak!binding!of!the!CS2!ligand!to!rhodium,!as!evidenced!by!its!ready!dissociation.!A!doublet!carbene!resonance!was!also!observed!at!δC!=!212.8!(1JRhC!=!60!Hz).!The!anticipated!carbeneT31P!coupling!was!too!small!to!be!resolved.!! Infrared!data!for!4.7b!could!be!obtained!in!solution!using!neat!carbon!disulfide!as!a!solvent.!However,!the!region!in!which!the!ν(C=S)!and!ν(RhCS)!of!an!η2TCS2!complex!should!be!observed!(ca.!990T1280!cmT1!and!630T650!cmT1,!respectively21)!includes!numerous!bands!of!the!pincer!ligand,!as!observed!in!the!IR!spectrum!of!the!precursor!4.1b!and!the!free!ligand!3.1b,!hence!no!unambiguous!assignments!could!be!made.!
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Figure14.5:1Molecular1structure1of14.7b1(aryl1hydrogen1atoms1omitted,1displacement1ellipsoids1
shown1at150%).1Positional1disorder1was1observed1between1the1CS21and1Cl1ligands,1and1this1was1
modelled1as1two1distinct1positions1for1both1ligands1with1partial1occupancies1of10.91and10.1.1The1
CS21and1Cl1ligands1with10.91occupancies1are1shown.1Selected1bond1lengths1(Å)1and1angles1(deg):1
Rh1,C11=11.999(5),1C1–N11=11.359(6),1C1–N21=11.353(6),1Rh1–P11=12.3074(13),1Rh1–P21=1
2.3233(13),1Rh1–Cl11=12.588(2),1Rh1–C701=11.998(7),1Rh1–S11=12.4437(15),1S1–C701=11.704(6),1
S2–C701=11.5691(7),1C1–Rh1–P11=181.94(14),1C1–Rh1–P21=182.43(14),1P1–Rh1–P21=1164.32(5).11!! Though!4.7b!was!highly!air!sensitive!and!readily!lost!CS2,!crystals!of!the!complex!that!formed!slowly!in!the!reaction!mixture!proved!stable!enough!for!XTray!structural!characterisation.!The!crystal!structure!(Figure!4.5)!confirms!the!η2!coordination!of!the!CS2!ligand!through!one!of!the!C=S!bonds.!The!adopted!stereochemistry!places!the!πTacidic!C70!pseudoTtrans!to!the!sole!πTdonor!(Cl).!The!ring!system!of!the!pincer!ligand!exhibits!a!twist!angle!of!24.8°!relative!to!the!coordination!plane,!larger!than!observed!in!the!structures!of!the!squareTplanar!complexes,!presumably!to!accommodate!the!additional!ligand.!The!Rh–C,!Rh–Cl!and!Rh–P!bond!distances!are!significantly!larger!than!those!in!the!precursor!4.1b,!as!we!might!expect!due!to!the!increased!coordination!number.!The!Rh–C70!bond!length!is!within!the!range!observed!for!the!few!structurally!characterised!examples!of!Rh(η2TCS2)!complexes,19,22T23!though!the!Rh–S1!bond!length!is!significantly!longer!than!the!
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4.6! Catalytic!Studies!of![ClRh(PhPCNHCP)]!One!notable!catalytic!application!of!rhodium!complexes!with!pincer!or!NHC!ligands!is!in!hydrosilylation!reactions!between!unsaturated!species!and!hydrosilanes.24T27!Given!the!regioT!and!stereoselectivity!issues!that!may!be!encountered,!there!is!ongoing!research!into!such!systems!that!can!deliver!high!selectivity,!such!as!complexes!L.102<
104!(Scheme!4.4).!Hydroamination!and!hydrogenation!reactions!have!also!been!catalysed!by!rhodium!NHC!complexes.27!These!types!of!reactions!were!therefore!included!in!preliminary!investigations!into!the!use!of!4.1a!as!a!catalyst.!These!investigations!were!undertaken!by!Dr!Michael!Page!at!the!University!of!New!South!Wales,!whose!assistance!is!gratefully!acknowledged.!! !
!!
Scheme14.13:1Catalysed1hydrosilylation1reactions1of1diphenylacetylene1with1HSiR3.1Investigations!were!made!into!the!catalysed!reduction!of!diphenylacetylene!using!diphenylT!or!triethylsilane,!as!shown!in!Scheme!4.13.!At!room!temperature,!the!reaction!using!diphenylsilane!gave!33%!conversion!over!24!hours.!The!less!reactive!triethylsilane!gave!no!conversion!at!room!temperature,!though!the!repeat!reaction!in!refluxing!THF!gave!83%!conversion!after!9!hours,!proceeding!to!completion!within!24!hours.!Hydrosilylation!of!acetophenone!with!diphenylsilane!was!also!explored!(followed!by!hydrolysis,!Scheme!4.14),!though!the!reaction!in!refluxing!THF!gave!only!12%!conversion!after!two!hours!and!18%!after!24!hours,!indicating!rapid!deactivation!of!the!catalyst.!
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Scheme14.14:1Catalysed1hydrosilylation1of1acetophenone1with1diphenylsilane.1! Use!of!4.1a!as!a!catalyst!for!alkyne!hydrogenation,!hydroamination!and!dihydroalkoxylation!reactions!also!gave!underwhelming!results.!The!hydrogenation!of!diphenylacetylene!(Scheme!4.15a)!gave!only!7%!conversion!over!a!24!hour!period,!though!this!is!unsurprising!in!light!of!the!fact!that!4.1a!was!observed!to!undergo!decomposition!in!the!presence!of!dihydrogen!(see!Section!4.3).!Low!efficiency!was!also!observed!in!the!catalysed!intramolecular!hydroamination!and!dihydroalkoxylation!reactions!shown!in!Scheme!4.15b!and!c,!the!former!reaching!only!8%!conversion!after!24!hours!at!60°C!and!the!latter!giving!no!conversion!under!the!same!conditions.!
!
Scheme14.15:1Use1of14.1a1as1a1catalyst1for1(a)1hydrogenation;1(b)1intramolecular1
hydroamination;1(c)1attempted1intramolecular1dihydroalkoxylation.1
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 140!! A!more!promising!result!was!observed!in!the!intramolecular!hydrocarboxylation!of!4Tpentynoic!acid,!for!which!use!of!4.1a!as!a!catalyst!gave!80%!conversion!over!24!hours!at!60°C!(Scheme!4.16).!!
!
Scheme14.16:1Catalysed1hydrocarboxylation1using14.1a.1In!an!effort!to!improve!the!catalytic!efficiency,!the!hydrocarboxylation!reaction!was!repeated!in!the!presence!of!Na[BArF4]!(ArF!=!3,5T(CF3)2C6H3),!which!was!expected!to!replace!the!chloride!ligand!with!the!nonTcoordinating![BArF4]–!anion,!thereby!vacating!an!additional!coordination!site!on!the!metal.!This!should!also!increase!the!Lewis!acidity!of!the!rhodium!centre,!which!might!be!expected!to!facilitate!nucleophilic!attack!on!a!coordinated!alkyne.!Another!potential!improvement!involved!performing!the!reaction!under!an!atmosphere!of!carbon!monoxide,!as!coordination!of!a!πTacidic!carbonyl!ligand!may!similarly!assist!activation!of!the!alkyne.!Both!additives!resulted!in!increased!catalytic!activity,!as!summarised!in!Figure!4.6.!!
 
 
 
Figure14.6:1Catalysed1hydrocarboxylation1of14,pentynoic1acid1using14.1a1with1and1without1
additives.1
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 141!After!3!hours!at!60°C,!17%!conversion!of!pentynoic!acid!was!achieved!using!
4.1a!alone.!Addition!of!Na[BArF4]!gave!increased!conversion!of!53%!under!the!same!conditions,!while!a!more!pronounced!impact!was!observed!using!carbon!monoxide,!with!76%!conversion.!It!might!be!anticipated!that!using!both!additives!in!the!same!reaction!may!further!improve!the!catalytic!activity,!though!this!has!not!yet!been!attempted!in!practice.!Nonetheless,!it!is!apparent!that,!although!4.1a!was!not!a!highly!efficient!catalyst!in!the!few!reactions!investigated,!tuning!the!pincer!complex!properties!through!ligand!manipulation!can!significantly!enhance!catalytic!activity.!!
4.7!! Reactions!of!DHPs!(1a,b)!with![IrCl(CO)(PPh3)2]!It!was!speculated!that!by!using!Vaska’s!complex,![IrCl(CO)(PPh3)2],!as!a!starting!material,!we!might!obtain!some!further!insight!regarding!the!intermediate!species!formed!en!route!to!complexes!4.1a,b,!given!that!both!the!replacement!of!rhodium!by!iridium!and!the!inclusion!of!a!πTacidic!CO!coTligand!would!be!expected!to!retard!the!C–H!activation!process.!Indeed,!a!reaction!between!compound!3.1b!and![IrCl(CO)(PPh3)2]!resulted!in!single!CTH!activation!of!the!central!methylene!group!of!the!proTligand!to!give!the!alkyl!complex!4.8b!(Scheme!4.17),!analogous!to!the!proposed!(but!undetected)!intermediate!complex!4.1aX!in!Scheme!4.8.!This!product!is!the!first!reported!example!of!a!σT2Tperimidinyl!ligand.12!!
!
Scheme14.17:1Synthesis1of1complex14.8b.1This!reaction!was!exceptionally!facile,!quantitative!conversion!to!the!final!product!being!indicated!by!31P!NMR!spectroscopy!(δP!=!34.7,!C6D6) within!1.5!hours!at!room!temperature.!The!yellow!product!was!then!isolated!in!93%!yield.!However,!the!analogous!reaction!between!3.1a!and!Vaska’s!complex!was!less!straightforward.!Though!only!one!carbonyl!stretching!band!was!observed!in!the!infrared!spectrum!of!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 142!isolated!product,!the!1H!NMR!spectrum!was!unusually!broad,!while!the!31P!spectrum!showed!multiple!peaks,!some!of!which!were!also!broad.!A!variable!temperature!study!of!the!product!that!was!undertaken!to!ascertain!whether!the!broadening!might!be!due!to!some!dynamic!process!did!not!offer!much!insight,!though!changes!in!the!spectra!were!observed!over!the!temperature!range.!Mass!spectra!did,!however,!suggest!coordination!of!both!the!pincer!ligand!and!triphenylphosphine.!The!formulation!of!4.8b!as!an!alkyl!complex!is!based!on!NMR!data,!and!was!later!supported!by!a!crystal!structure!determination.!The!hydride!appears!in!the!1H!NMR!spectrum!as!a!triplet!resonance!at!–17.9!ppm!(C6D6),!while!two!doublet!peaks!at!
δH!=!3.17,!4.55!and!a!singlet!at!δH!=!5.75!with!relative!integrals!of!2:2:1!correspond!to!the!PCH2!and!NCHN!protons!respectively.!The!iridiumTbound!carbon!atom!was!detected!indirectly!in!a!1H13C!HSQC!experiment!at!87.7!ppm!through!the!NCHN!proton.!!Formation!of!4.8b!was!accompanied!in!the!infrared!spectra!by!the!appearance!of!bands!at!2012!(νIrH)!and!1941!(νCO)!cmT1!corresponding!to!the!product.!These!frequencies!are!quite!low!for!iridium(III),28!suggesting!a!particularly!πTbasic!metal!centre.!Notably,!the!solution!spectrum!displays!an!exceptionally!strong!νIrH!band!and!a!weak!νCO!band,!while!the!relative!intensities!are!reversed!in!the!solid!state.!It!is!known!that!coupling!of!the!νMH!and!νCO!modes!may!be!observed!in!metal!hydrido!carbonyl!complexes,29!though!this!might!have!been!expected!to!be!minimal!in!4.8b,!given!the!
cisTIrH(CO)!geometry!that!was!crystallographically!confirmed!(Figure!4.7).!It!was!also!considered!that!the!anomalous!intensities!might!be!caused!by!an!intermolecular!Ir–H…OC–Ir!interaction!in!the!solid!sate,!but!no!such!interaction!was!observed!in!the!crystal!structure!obtained.!!The!crystal!structure!of!4.8b!shows!that!the!4Tcoordinate!C1!atom!is!essentially!tetrahedrally!coordinated,!while!the!angle!sums!around!N1!and!N2!reflect!a!pyramidalisation!of!these!centres.!The!Ir–C1!distance!of!2.141(5)!Å!is!at!the!higher!end!of!the!range!of!2.060T2.129!Å!observed!for!Ir(III)–C(sp3)!bond!lengths!in!which!the!carbon!has!one!amine!substituent30!(no!examples!with!two!amine!substituents!were!found),!though!is!within!3!e.s.d.!of!the!largest!value.!Interestingly,!the!methine!
CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 143!and!iridiumTbound!hydrogen!atoms!adopt!an!antiperiplanar!disposition,!precluding!spontaneous!elimination!of!dihydrogen.!!
!
Figure14.7:!Molecular1structure1of14.8b1(cyclohexyl1and1naphthyl1hydrogen1atoms1omitted,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1(Å)1and1angles1(deg):1Ir1,C11=1
2.141(5),1Ir1−P11=12.2935(15),1Ir1−P21=12.2998(15),1C1–N11=11.493(6),1C1–N21=11.477(7),1C1–
Ir1–P11=183.35(14),1C1–Ir1–P21=182.31(14),1P1–Ir1–P21=1162.76(5),1Ir1−C1−N11=1113.2(4),1
Ir1−C1−N21=1113.0(3),1N1−C1−N21=1107.5(4);1∑(C–N1–C)1=1342.8,1∑(C–N2–C)1=1343.0.1
4.8! Reactions!of!4.8b!with!Silver!Salts!Given!that!complex!4.8b!cannot!spontaneously!eliminate!hydrogen,!and!transfer!of!the!methine!proton!to!the!metal!centre!is!prevented!by!coordinative!saturation,!attempts!were!made!to!provide!a!vacant!coordination!site!via!chloride!abstraction.!Various!silver!salts!Ag[Y]!(Y!=!PF6,!SbF6,!PO2F2)!were!employed,!and,!surprisingly,!these!resulted!in!hydride!rather!than!halide!abstraction.!Some!effervescence!that!was!observed!presumably!indicated!the!evolution!of!dihydrogen,!and!was!accompanied!by!the!precipitation!of!elemental!silver.!Nonetheless,!these!reactions!resulted!in!the!desired!αTIr–H!elimination!to!form!the!NHC!salts![4.9b]Y!(Y!=!PF6,!SbF6,!PO2F2;!Scheme!4.18).!Hydride!abstraction!of!4.8b!was!also!attempted!by!reactions!with!HPF6!and![Ph3C]PF6,!both!of!which!appeared!to!form![4.9b]PF6!based!on!the!NMR!spectra,!though!significantly!less!cleanly!than!the!reactions!using!the!silver!salts.!!
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Scheme14.18:1Synthesis1of14.9b+1via1hydride1abstraction1of14.8b.1The!reaction!with!Ag[PF6]!went!to!completion!within!10!minutes,!while!the!reaction!with!Ag[SbF6]!was!somewhat!slower,!taking!place!over!the!course!of!one!hour,!as!indicated!by!the!development!of!a!31P!NMR!peak!at!around!27!ppm.!Ag[SbF6]!is!typically!more!anhydrous!than!Ag[PF6],!so!the!acceleration!of!the!reaction!by!traces!of!HPF6!cannot!be!excluded.!The!triplet!hydride!resonance!is!very!close!to!that!of!4.8b!at!δH!=!–17.5,!though!the!disappearance!of!the!NCHN!resonance!in!the!methylene!region!of!the!1H!NMR!spectrum!reflects!carbene!formation,!as!does!the!replacement!of!the!13C!methine!resonance!(δC!=!87.7)!with!one!at!δC!=!190.1,!close!to!those!observed!for!other!reported!iridium(III)!mono!perTNHC!complexes!(L.66,!Section!3.1.2,!δC!=!191.2,!193.9!for!R!=!Me,!Ph!respectively).31!The!infrared!spectrum!of![4.9b]PO2F2!reflects!the!cationic!nature!of!the!metal!centre!through!an!increase!in!the!frequency!of!the!νCO!and!νIrH!bands!to!2067!and!2189!cmT1.!! The!crystal!structure!of![4.9b]PO2F2!(Figure!4.8)!confirms!the!formation!of!an!Ir–NHC!bond,!the!Ir–C1!distance!being!significantly!shorter!than!in!the!precursor!
4.8b.!The!increased!πTinteraction!between!C1!and!the!nitrogen!atoms!also!causes!a!shortening!of!these!bond!lengths.!The!aromatic!ring!system!exhibits!a!twist!angle!of!8.9°!relative!to!the!equatorial!coordination!plane.!The!difluorophosphate!counteranion!is!weakly!associated!with!the!complex!cation!via!hydrogen!bonding!to!one!of!the!PCH2!protons,!the!acidity!of!which!is!presumably!enhanced!by!coordination!of!the!phosphine!to!a!cationic!iridium(III)!centre.!
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Figure14.8:1Molecular1structure1of1[4.9b]PO2F21(cyclohexyl1and1naphthyl1hydrogen1atoms1
omitted,1displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1(Å)1and1angles1(deg):1Ir1–
C11=12.078(4),1Ir1−P11=12.3107(11),1Ir1−P21=12.3184(11),1C1–N11=11.388(4),1C1–N21=11.372(5),1
O3…H2121=12.243(6),1C1–Ir1–P11=183.37(12),1C1–Ir1–P21=182.53(12),1P1–Ir1–P21=1165.74(4).11The!reactions!with!silver!hexafluorophosphate!were!complicated!by!hydrolysis!of!the!anion,!with!the!presence!of!PF2O2ç!evident!to!some!extent!in!the!in!31P!and!19F!NMR!spectra!of!the!starting!material!and!all!product!samples.!In!one!reaction,!the!aged!“AgPF6”!sample!used!was!later!found!to!have!almost!completely!hydrolysed!to!AgPO2F2.!The!hexafluoroantimonate!anion!is!less!prone!to!hydrolysis,!and!hence!gave!cleaner!reactions.!However,!though!4.9b+ was!the!major!product in!all!reactions,!some!unidentified!side!products!proved!difficult!to!remove!by!precipitation!and!column!chromatography,!and!in!fact!analytically!pure!samples!could!only!being!obtained!via!crystallisation!with!PO2F2ç!as!the!counterion.!!
4.9! Reactions!of!4.8b!and!4.9b+!with!DBU!The!reaction!4.8b!with!DBU!was!also!investigated,!which!initially!resulted!in!the!formation!of!a!new!product!resonance!in!the!31P{1H}!NMR!spectrum!at!33.5!ppm,!accompanied!by!a!triplet!resonance!in!the!hydride!region!of!the!1H!NMR!spectrum!at!–9.3!ppm!(2JPH!=!14!Hz).!However,!only!partial!conversion!to!this!product!was!observed!after!an!overnight!reaction,!the!resonances!of!which!subsequently!disappeared!from!the!spectra.!Resonances!for!the!starting!material!disappeared!more!gradually!to!
CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 146!ultimately!give!a!complex!product!mixture,!with!no!discernible!resonances!in!the!hydride!region!of!the!1H!NMR!spectrum.!This!might!therefore!indicate!that!DBU!initially!abstracts!HCl!from!4.8b!to!form!an!unstable!fiveTcoordinate!iridium(I)!NHC!complex!4.10b!(Scheme!4.19),!which!decomposes!over!the!course!of!the!slow!reaction.!
!
Scheme14.19:1Reactions1of14.8b1and14.9b++with1DBU1and1proposed1products,1Y1=1PO2F21or1Cl.1! Insight!into!one!possible!decomposition!product!was!provided!by!the!results!of!treating!DBU!with![4.9b]PO2F2.!The!reaction,!performed!in!CDCl3!at!room!temperature,!gave!a!bright!orangeTred!solution,!and!the!31P{1H}!NMR!spectrum!after!15!minutes!displayed!a!major!resonance!at!δP!=!46.2,!with!no!accompanying!hydrideTregion!peak!in!the!1H!NMR!spectrum.!Unfortunately,!excess!DBU!was!difficult!to!remove,!and!attempts!to!isolate!this!product!gave!mixtures!with!progressively!more!complex!31P!NMR!spectra.!Nonetheless,!the!presence!of!a!(slightly!broad)!singlet!resonance!was!detected!in!the!crude!1H!NMR!spectrum!at!δP!=!4.61,!which!integrated!for!four!protons!(relative!to!the!peaks!the!aromatic!region),!suggesting!that!the!methylene!protons!were!equivalent!due!to!the!product!possessing!C2v1symmetry.!Furthermore,!the!infrared!spectrum!showed!a!sharp!νCO!band!at!1993!cmT1!(DCM).!These!data!support!the!formulation!of!this!complex!as!the!fourTcoordinate!cationic!iridium(I)!species!4.11b+!(Scheme!4.19),!with!either!a!PO2F2ç!or!Clç!counterTion.!Given!that!the!31P!NMR!spectrum!of!the!final!complex!product!mixture!from!the!reaction!of!
4.8b!with!DBU!included!a!peak!at!ca.!δP!=!46,!we!might!speculate!that!complex!4.10b!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 147!decomposes,!in!part,!to!give!4.11b+.!This!could!conceivably!result!from!the!reaction!of!
4.10b!with!liberated!HCl!via!loss!of!dihydrogen.!However,!as!neither!4.10b!nor!
4.11b+!could!be!cleanly!isolated,!these!product!formulations!remain!tentative.!
4.10! Reaction!of!DHPs!(3.1a,b)!with![IrCl(COE)2]2!In!attempts!to!synthesise!iridium(I)!analogues!of!4.1a,b,!the!dimeric!complexes![IrCl(COD)]2!and![IrCl(COE)2]2!were!employed!as!starting!materials.!The!combination!of![IrCl(COD)]2!with!3.1a!resulted!in!no!reaction,!even!after!heating!to!reflux!in!toluene!for!24!hours.!However,!both!3.1a!and!3.1b!reacted!completely!with![IrCl(COE)2]2!within!three!hours!at!room!temperature.!Though!the!reaction!with!3.1a!resulted!in!a!mixture!of!products!that!could!not!be!separated,!the!reaction!with!3.1b!proceeded!cleanly!to!give!a!product!that!appears!to!be!the!octahedral!dihydrido!iridium(III)!complex!4.12b!(Scheme!4.20),!rather!than!a!square!planar!iridium(I)!complex!analogous!to!4.1b.!However,!this!is!not!unexpected!given!the!propensity!of!the!more!electronTrich!iridium!centre!to!support!a!higher!oxidation!state.!
!
Scheme14.20:1Reaction1of+3.1b1to1form1complex14.12b.1The!hydride!ligands!are!evident!in!the!infrared!and!NMR!spectra!of!4.12b.!Infrared!νIrH!stretches!for!complexes!with!a!transTIrH2!geometry!tend!to!give!bands!at!low!frequency!(1700T1800!cmT1),32!while!for!transTIrHCl!geometries!these!characteristically!appear!at!higher!frequencies!of!2000T2300!cmT1.28!The!infrared!spectrum!shows!one!νIrH!band!at!1724!cmT1!(DCM),!reflecting!trans!coordination!of!two!hydride!ligands,!as!shown!in!Scheme!4.20.!The!1H!NMR!spectrum!supports!this!stereochemistry,!displaying!one!triplet!resonance!at!δH!=!–6.97!that!integrates!for!two!hydrides.!The!31P{1H}!resonance!appears!as!a!singlet!at!29.7!ppm,!and!in!the!hydrideT
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 148!coupled!31P{1H}!spectrum,†!this!resonance!becomes!a!well!resolved!triplet!with!2JPH!=!15!Hz.!NHC!formation!is!confirmed!by!the!presence!of!a!13C!resonance!at!δC!=!193.7,!close!to!that!of![4.9b]PO2F2.!!! Though!several!crystallisation!attempts!were!made!using!a!range!of!solvent!mixtures,!none!of!these!resulted!in!XTray!quality!crystals!of!4.12b.!Some!good!quality!crystals!obtained!from!a!C6D6!solution!proved!to!be!the!related!complex![Cl2HIr(CyPCNHCP)]!(4.13b,!Figure!4.9),!in!which!one!hydride!has!been!replaced!by!a!chloride!ligand.!However,!given!that!the!NMR!spectra!of!4.12b!support!the!clean!formation!of!a!dihydride,!this!dichloro!complex!was!deemed!to!be!either!a!very!minor!side!product!or!a!decomposition!product.!Though!4.13b!seemed!to!have!crystallised!from!a!nonTchlorinated!solvent,!this!took!place!in!an!NMR!tube!that!was!stored!in!a!nitrogenTfilled!Schlenk!tube,!along!with!several!other!crystallisation!samples.!Thus!it!is!possible!that!a!chlorinated!solvent!such!as!chloroform!was!present!in!one!of!these!other!vessels!and!diffused!into!the!sample!via!gas!diffusion.!
!
Figure14.9:1Molecular1structure1of14.13b1(cyclohexyl1and1naphthyl1hydrogen1atoms1omitted,1
displacement1ellipsoids1shown1at150%).1Selected1bond1lengths1(Å)1and1angles1(deg):1Ir1–C11=1
1.962(6),1Ir1−P11=12.3087(15),1Ir1−P21=12.3048(15),1Ir1–Cl11=12.4113(18),1Ir1–Cl21=12.318(2),1
Ir1–Cl31=12.313(2),1C1–N11=11.366(7),1C1–N21=11.373(7),1C1–Ir1–P11=184.25(17),1C1–Ir1–P21=1
83.85(17),1P1–Ir1–P21=1168.08(5).1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!†!The!hydrideTcoupled!31P{1H}!NMR!spectrum!was!obtained!by!shifting!the!decoupler!offset!such!that!the!spectrum!was!only!decoupled!for!1H!resonances!with!δH!>!0.!
CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 149!The!crystal!structure!of!4.13b,!shown!in!Figure!4.9,!exhibited!positional!disorder!between!the!hydride!and!two!chloride!ligands.!This!was!modelled!as!distinct!hydrogen!and!chlorine!atoms!in!each!of!the!three!coordination!sites,!with!partial!occupancies!as!follows:!0.8!for!Cl1,!0.2!for!H1,!0.6!for!Cl2T3,!0.4!for!H2T3.!The!Ir1–Cl1!distance!is!considerably!greater!than!for!the!two!mutually!trans!Ir–Cl!distances,!reflecting!the!stronger!trans!influence!of!the!carbene.!The!Ir1–C1!bond!length!of!1.962(6)!Å!is!significantly!shorter!than!in!4.9b+, though!is!comparable!to!those!of!1.979(7)!and!1.986(8)!Å!observed!in!the!Ir(III)!perTNHC!complexes!L.66!(Section!3.1.2,!Figure!3.6,!R!=!Me!and!Ph!respectively).!The!20.5°!tilt!of!the!aromatic!ring!system!relative!to!the!equatorial!coordination!plane!is!more!pronounced!than!in!
4.9b+,!while!the!the!P–Ir–P!angle!is!slightly!expanded,!both!of!which!may!be!a!consequence!of!the!contracted!Ir1–C1!distance.!!
4.11! Mechanistic!Conjecture!for!NHC!Formation!It!is!clear!from!the!reactions!discussed!in!this!and!the!preceding!chapter!that!carbene!formation!will!occur!readily!upon!direct!reaction!of!3.1a,b!with!a!metal!centre!if!the!system!is!sufficiently!electronTrich.!The!facility!of!these!reactions,!proceeding!under!remarkably!mild!conditions!without!a!sacrificial!hydrogen!acceptor,!may!be!attributed!to!chelation!assistance.!Given!that!more!electronTdeficient!systems!result!in!PNP!or!σTperimidinyl!complexes,!both!of!which!are!feasible!intermediates!en!route!to!the!related!NHC!complexes,!we!can!infer!a!potential!mechanistic!manifold!for!NHC!installation,!outlined!in!Scheme!4.21.!The!proTligands!3.1a,b!may!initially!bind!to!the!metal!centre!via!the!phosphine!groups,!encouraging!one!of!the!amine!centres!to!interact!with!the!metal,!as!observed!in!the!isolated!PNP!pincer!complexes!3.2a,!3.7b!and!3.8b.!The!proximity!of!the!central!methylene!group!to!the!metal!centre!would!promote!interaction!with!one!of!the!C–H!bonds,!which!results!in!oxidative!addition!to!give!a!σTperimidinyl!hydrido!complex!such!as!4.3b.!Subsequent!loss!of!dihydrogen!could!then!proceed!via!an!oxidative!addition/reductive!elimination!pathway!or,!perhaps!less!likely,!a!concerted!σTCAM!process.33!Alternatively,!a!HL!group,!where!L–!is!a!nonThydride!ligand,!may!be!expelled,!as!in!the!formation!of!3.9b!from!3.7b!(L!=!Ph)!and!3.10a,b!(L!=!Cl).!!!
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!
Scheme14.21:1Proposed1mechanism1for1double1C–H1activation1of13.1a,b1to1form1NHCs.1It!should!be!noted!that!this!mechanistic!conjecture!is!based!on!isolable!ground!state!geometries,!and!that!antiperiplanar!disposition!of!the!methine!and!metalTbound!hydrogen!atoms!observed!in!4.8b!suggests!that!double!C–H!activation!may!actually!precede!the!coordination!of!the!second!phosphine!arm.!This!is!further!supported!by!the!fact!that!conversion!of!the!PNP!complex!3.7b!to!the!NHC!complex!3.9b!was!slow,!requiring!4!days!in!refluxing!toluene.!Such!a!pathway!could!involve!an!initial!ligand!coordination!mode!in!which!there!is!only!one!metalTbound!phosphine!accompanied!by!an!amineTmetal!or!σ,C–H–metal!interaction.!If!the!latter!interaction!results!in!C–H!oxidative!addition!and!subsequent!reductive!elimination!of!H2/HL!that!is!more!rapid!than!coordination!of!the!second!phosphine!arm,!an!NHC!pincer!complex!would!be!formed.!A!PNP!or!σTperimidinyl!complex!would!then!result!from!relatively!slow!oxidative!addition!or!reductive!elimination!steps,!respectively.!!
4.12! Conclusions!The!method!generating!NTheterocyclic!carbene!complexes!via!chelateTassisted!double!C–H!activation!of!proTligands!PhDHP!(3.1a)!and!CyDHP!(3.1b)!developed!in!the!previous!chapter!has!been!extended!to!complexes!of!rhodium!and!iridium.!Activation!of!the!proTligands!was!generally!more!facile!using!electronTrich!d8!group!9!complex!
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CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 151!precursors!than!in!the!previously!discussed!d6!group!8!chemistry.!The!16Telectron!rhodium!NHC!complexes!4.1a!and!4.1b!were!isolated,!and!subsequent!ligand!manipulations!met!with!varying!degrees!of!success.!A!preliminary!study!of!the!use!of!
4.1a!as!a!catalyst!revealed!that,!while!this!complex!was!not!particularly!efficient!for!most!of!the!reactions!investigated,!in!some!cases!simple!modifications!of!the!coTligands!could!substantially!improve!catalytic!activity.!! Reactions!of!3.1a,b!with!iridium!precursors!instead!favoured!the!formation!of!coordinatively!saturated!complexes.!Though!C–H!activation!was!observed!in!each!case,!a!reaction!with![IrCl(CO)(PPh3)2]!gave!the!σTperimidinyl!hydrido!complex!4.8b,!resulting!from!oxidative!addition!of!only!one!C–H!bond!to!the!metal!centre.!This!was!subsequently!shown!to!form!the!NHC!complex!4.9b+!readily!upon!hydride!abstraction.!Considering!both!the!group!8!and!group!9!chemistry,!it!is!apparent!that!carbene!formation!will!occur!more!readily!for!electronTrich!systems,!with!less!electronTrich!systems!resulting!in!either!single!or!no!C–H!activation.!These!observations!have!provided!some!insight!into!the!likely!mechanistic!pathway!by!which!proTligands!3.1a,b!form!carbenes.!Nonetheless,!this!attractively!straightforward!method!of!NHC!installation,!the!application!of!which!has!so!far!been!limited,!proved!exceptionally!facile!in!many!cases,!proceeding!at!ambient!temperature,!without!the!need!for!a!hydrogen!acceptor.!The!ease!of!preparation!of!the!proTligands!3.1!bodes!well!for!the!wider!inclusion!of!highly!
σTbasic!perimidineTbased!NHC!groups!within!a!variety!of!pincer!ligand!scaffolds.!
4.13! Future!Work!The!work!presented!in!this!and!the!previous!chapter!has!initiated!exploration!into!the!chemistry!of!pincer!systems!with!central!perTNHC!groups,!and!suggests!a!rich!scope!of!reactivity!that!warrants!further!investigation.!Of!the!numerous!possible!directions,!it!would!certainly!be!worthwhile,!and!presumably!straightforward,!to!compare!the!steric!and!electronic!properties!of!a!greater!range!of!ligand!analogues!using!other!phosphine!substituents,!such!as!tertTbutyl!groups.!Of!course,!given!that!one!of!the!major!attractive!features!of!pincer!systems!is!their!“tunability”,!potential!modification!of!these!ligands!are!not!simply!limited!to!changing!phosphine!substituents,!and!could!include!use!of!different!donor!atoms!or!side!arms.!Using!substituents!on!the!latter!to!
CHAPTER!4.!DIHYDROPERIMIDINETBASED!PINCER!LIGANDS:!GROUP!9!COMPLEXES!! 152!introduce!chirality!could!possibly!result!in!the!development!of!stereoselective!catalysts.!! As!noted,!this!work!has!included!rare!examples!of!osmium!pincer!NHC!complexes,!and!future!work!could!include!further!development!of!this!area.!In!particular,!the!isolated!complexes!3.10a!and!3.10b!could!undergo!various!ligand!manipulations!involving!replacement!of!the!triphenylphosphine!and!hydride!ligands.!! Though!a!number!of!investigations!into!the!reactivity!of!16Telectron!rhodium(I)!complexes!4.1a!and!4.1b!have!been!undertaken,!there!are!certainly!many!additional!directions!to!be!explored.!For!example,!it!has!been!indicated!by!the!preliminary!catalytic!scale!studies!that!the!chloride!ligand!can!be!displaced!with!a!nonTcoordinating!anion!to!give!products!with!enhanced!reactivity,!and!this!is!worth!investigating!further!both!catalytically!and!synthetically.!! Since!there!has!been!much!interest!in!group!10!chemistry!of!E(NHC)E!pincer!ligands,!extension!of!this!per,NHC!work!to!include!these!metals!could!be!another!promising!avenue.!Since!C–H!activation!of!3.1a!and!3.1b!occurred!more!readily!for!the!group!9!metals!than!the!group!8!metals,!presumably!due!to!the!enhanced!electron!density!at!the!metal!centres,!we!might!anticipate!that!a!similar!trend!be!observed!on!moving!to!d10!group!10!substrates.!! Clearly,!there!is!no!shortage!of!possible!future!work!on!these!systems,!and!it!is!this!author’s!hope!that!the!results!described!here!pique!sufficient!interest!to!fuel!further!development!of!this!chemistry.!
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5.1! General!Procedures!All!manipulations!were!carried!out!under!an!atmosphere!of!preTpurified!and!dried!N2!using!standard!Schlenk,!vacuumTline!and!(argon)!dryTbox!techniques!unless!otherwise!indicated.!Solvents!were!distilled!from!an!appropriate!drying!agent!under!N2!(ethers,!paraffins!and!arenes!from!sodium!sand!with!benzophenone!indicator;!halocarbons!and!acetonitrile!from!CaH2;!alcohols!from!magnesium!turnings!and!iodine).!Reactions!were!carried!out!at!room!temperature!unless!otherwise!stated.!!1H!and!31P{1H}!spectra!were!recorded!on!Varian!INOVA!300!(1H:!299.9!MHz,!31P:!121.4!MHz),!INOVA!500!(1H:!500.0!MHz,!31P:!202.4!MHz),!Mercury!300!(1H:!300.1!MHz,!31P:!121.5!MHz)!or!MR!400!(1H:!399.9!MHz,!31P:!161.9!MHz)!spectrometers.!13C{1H}!NMR!spectra!were!recorded!on!Varian!INOVA!300!(13C:!75.42!MHz),!INOVA!500!(13C:!125.7!MHz)!or!Bruker!AVANCE!600!(13C:!150.9!MHz)!spectrometers.!11B{1H}!spectra!were!recorded!on!a!Varian!INOVA!300!(11B:!96.23!MHz)!spectrometer.!1H!and!13C{1H}!NMR!chemical!shifts!(δ)!are!reported!relative!to!residual!solvent!peaks.!31P{1H}!NMR!chemical!shifts!are!reported!relative!to!an!external!85%!H3PO4!reference.!11B{1H}!NMR!chemical!shifts!are!reported!relative!to!an!external!BF3.OEt2!reference.!‘tv’!refers!to!virtual!triplet!resonances!observed!for!trans,bis(phosphine)!complexes!with!the!apparent!JPC!and!JPH!couplings!indicated.!!Infrared!spectra!were!recorded!on!a!PerkinTElmer!Spectrum!One!infrared!spectrometer,!and!only!bands!associated!with!the!chromophores!of!interest!are!reported.!!Elemental!microanalytical!data!were!obtained!from!the!ANU!Research!School!of!Chemistry!microanalytical!service.!Unless!otherwise!indicated,!microanalytically!pure!samples!were!acquired!from!crystals!of!the!product!after!washing!with!n,hexane!and!drying!in1vacuo!for!extended!periods!of!time.!In!some!cases,!coTcrystallised!solvent!was!not!removed!during!this!process,!as!indicated.!Electrospray!ionisation!mass!spectrometry!(ESITMS)!was!performed!by!the!Research!School!of!Chemistry!mass!spectrometry!service.!For!salts,!‘M’!refers!to!the!metal!complex!ion.!MS!data!are!reported!as!follows:!mass![assignment]charge.!Assignments!were!confirmed!by!simulation!of!isotopic!distributions.!Accurate!mass!determinations!are!designated!to!supplement!elemental!microanalytical!data,!and!the!
CHAPTER!5.!EXPERIMENTAL! 157!exact!mass!found!is!reported!with!its!associated!isotopic!elemental!formula!and!the!theoretical!mass.!Data!for!XTray!crystallography!were!collected!with!a!Nonius!Kappa!CCD!diffractometer!and!structures.!The!structure!of![Cl(CO)(CNMes)Os(dppB)]!(Section!5.2,!complex!2.8)!was!refined!by!Professor!A.!David!Rae,!whose!assistance!is!gratefully!acknowledged.!All!other!structures!were!solved!and!refined!by!the!author,!though!the!assistance!of!Dr!Anthony!C.!Willis!and!Dr!Ian!A.!Cade!was!sought!in!many!cases!and!is!also!gratefully!acknowledged.!Crystallisations!were!performed!using!smallTscale!samples,!rather!than!the!bulk!product,!unless!otherwise!indicated.!!All!common!reagents!were!used!as!received!from!commercial!suppliers,!apart!from!carbon!disulfide,!which!was!distilled!over!P2O5.!Other!known!compounds!were!prepared!as!previously!described:!dppBH,1![Cl(CO)(PPh3)Ru(dppB)],2![OsCl(Ph)(CO)(PPh3)2],3!mesityl!isocyanide,4![OsCl2(PPh3)3],5![RuCl2(PPh3)3],6!HPPh2,7![RuCl(Ph)(CO)(PPh3)2],8![RuCl(trans,CH=CHPh)(CO)(PPh3)2],9!![RuHCl(CO)(PPh3)3],10![RhCl(PPh3)3],11![IrCl(CO)(PPh3)2],12![IrCl(COE)2]2,13!HOCH2PPh2.14!
5.2! Boryl!and!Borane!Complexes!!
Synthesis!of![I(CO)(PPh3)Ru(dppB)]!(2.3)!A!solution!of![Cl(CO)(PPh3)Ru(dppB)]!(0.100!g,!0.106!mmol)!in!THF!(5!mL),!was!cooled!to!–10°C!and!iodomethane!(0.06!mL,!1!mmol)!added!via!syringe.!The!solution!was!warmed!to!ambient!temperature!and!stirred!for!18!hrs.!The!solvent!was!removed!under!reduced!pressure,!and!the!pale!brown!residue!extracted!with!benzene!(5!mL).!The!extract!was!concentrated!to!3!mL!and!5!mL!nThexane!added.!The!resulting!precipitate!was!separated!from!the!supernatant!via!cannula!filtration,!and!dried!in1
vacuo.!XTray!quality!crystals!were!obtained!by!slow!evaporation!of!a!benzene!solution!of!the!product.!Yield:!0.077!g!(70%).!IR!(KBr,!cmT1):!3050!νaromCH;!2962,!2913,!2848!
νCH;!1940!νCO;!1479,!1434!νaromCC.!IR!(DCM,!cmT1):!1948!νCO.!NMR!(C6D6,!298!K)!1H:!δH!=!4.42!(dtv,!2H,!PCH2N,!2JHH!=!11!Hz,!2,4JPH!=!2!Hz),!4.62(dtv,!2H,!PCH2N,!2JHH!=!11!Hz,!2,4JPH!=!4!Hz),!6.86T7.71!(series!of!multiplets,!39H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!55.8!(tv!d,!PCH2,!1,3JPC!=!24!Hz,!3JPC!=!6!Hz),!110.1,!119.2!(CH(N2C6H4)),!128.2,!129.3,!130.2!(CH(C6H5)),!132.0!(tv,!CH(PPh2),!JPC!=!5!Hz),!134.9!(d,!CH(PPh3),!JPC!=!11!Hz),!135.8!(tv,!
CHAPTER!5.!EXPERIMENTAL! 158!CH(PPh2),!JPC!=!5!Hz),!138.0!(d,!C1(PPh3),!1JPC!=!24!Hz),!139.9!(tv,!C1(PPh2),!1,3JPC!=!18!Hz),!141.7!(tv,!C1,6(N2C6H4),!3,4JPC!=!8!Hz),!201.0!(m,!RuCO).!11B{1H}:!δB!=!60.8.!31P{1H}:!
δP!=!8.4!(br!m,!PPh3),!44.5!(d,!PPh2,!2JPP!=!14!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!905.6![M!–!I]+,!877.7![M!–!CO!–!I]+,!643.4![M!–!PPh3!–!I]+.!Accurate!Mass:!Found!946.1986![M!–!I!+!MeCN]+,!Calcd.!for!C53H4611B14N316O31P3102Ru!946.1990.!Crystal1data1for!C51H43BIN2OP3Ru.C6H6):!Mr!=!1109.73,!triclinic,!P1–1,!a!=!12.1550(2)!Å,1b!=!15.1433(3)!Å,1c!=!16.3671(3)!Å,!α!=!76.6422(9)°,!β!=!83.2604(12)°,!γ!=!81.1747(12)°,!V!=!2885.90(9)!Å3,!Z1=12,!Dx!=!1.277!Mg!m−3,!μ(Mo!Kα)!=!0.93!mmT1,!T1=!200(2)!K,!colourless!block,!0.35!x!0.20!x!0.15!mm,!13183!independent!reflections.!F21refinement,!
R1=!0.039,!wR1=!0.093!for!9552!reflections!(I1>12σ(I),12θmax!=!55°),!595!parameters.!
!
Synthesis!of![H(CO)(PPh3)Ru(dppB)]!(2.4)!Sodium!borohydride!(0.92!g,!24!mmol)!and![Cl(CO)(PPh3)Ru(dppB)]!(2.22!g,!23.6!mmol)!were!dissolved!in!a!solvent!mixture!of!THF!(100!mL)!and!ethanol!(30!mL)!with!stirring.!After!5!min,!when!the!strong!effervescence!had!somewhat!subdued,!a!further!20!mL!of!ethanol!was!added.!The!reaction!mixture!was!stirred!at!ambient!temperature!for!18!hrs,!then!the!solvent!removed!under!reduced!pressure.!The!resulting!pale!brown!residue!was!washed!with!methanol!(2!x!50!mL)!and!dried!in1
vacuo.!XTray!quality!crystals!of!the!product!could!be!obtained!from!slow!evaporation!of!a!DCM/diethyl!ether!solution.!Yield:!1.985!g!(93%).!IR!(KBr,!cmT1):!3050!νaromCH;!2962,!2918,!2849!νCH;!1939!νCO;!1480,!1447,!1433!νaromCC.!IR!(DCM,!cmT1):!1942!νCO.!NMR!(C6D6,!298!K)!1H:!δH!=!–7.50!(td,!1H,!RuH,!2JPH!=!24!Hz,!2JPH!=!16!Hz,),!4.09!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!4.37!(br!d,!2H,!PCH2N,!2JHH!=!12!Hz),!6.73T7.45!(series!of!multiplets,!39H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!56.9!(tvd,!PCH2,!1,3JPC!=!23!Hz,!3JPC!=!8!Hz),!108.6,!118.1!(CH(N2C6H4)),!128.2,!128.5!(C4(C6H5)),!129.0!(d,!CH(PPh3),!JPC!=!14!Hz),!132.4!(tv,!CH(PPh2),!JPC!=!6!Hz),!133.0!(tv,!CH(PPh2),!JPC!=!6!Hz),!134.4!(d,!CH(PPh3),!JPC!=!14!Hz),!139.2!(tv,!C1(PPh2),!1,3JPC!=!17!Hz),!139.8!(d,!C1(PPh3),!1JPC!=!27!Hz),!140.8!(tv,!C1,6(N2C6H4),!3,4JPC!=!8!Hz),!206.8!(m,!RuCO).!11B:!δB!=!61.3.!!31P{1H}:!δP!=!42.7!(br!m,!PPh3),!68.0!(d,!PPh2,!2JPP!=!15!Hz).!ESITMS!(+ve!Ion,!MeCN):!
m/z!=!905.6![M!–!H]+,!876.9![M!–!H!–!CO]+.!Accurate!Mass:!Found!907.1878![M!+!H]+,!Calcd.!for!C51H4511B14N216O31P3102Ru!907.1881.!Anal.!Found:!C,!64.84;!H,!4.09;!N,!2.58%.!Calcd.!for!C51H44BN2OP3Ru.0.5(CH2Cl2):!C,!65.24;!H,!4.48;!N,!2.95%!(The!
CHAPTER!5.!EXPERIMENTAL! 159!presence!of!0.5!equivalents!DCM!was!observed!in!crystal!structure).!Crystal1data1for!C51H44BN2OP3Ru.0.5(CH2Cl2):!Mr!=!948.19,!monoclinic,!P21/n,!a!=!11.0424(2)!Å,1b!=!32.7693(6)!Å,1c!=!12.4634(2)!Å,!β!=!90.8439(10)°,!V!=!4509.41(14)!Å3,!Z1=14,!Dx!=!1.397!Mg!m−3,!μ(Mo!Kα)!=!0.55!mmT1,!T1=!200(2)!K,!colourless!block,!0.33!x!0.15!x!0.09!mm,!7941!independent!reflections.!F21refinement,!R1=!0.055,!wR1=!0.112!for!5796!reflections!(I1>12σ(I),12θmax!=!50°),!556!parameters.!!
Synthesis!of![(κ2S,S’<S2CH)(CO)Ru(dppB)]!(2.5)!A!solution!of![H(CO)(PPh3)Ru(dppB)]!(0.100!g,!0.110!mmol)!in!CS2!(2!mL)!was!raised!to!refluxing!temperature!for!6!hrs.!After!cooling!the!solution!to!ambient!temperature,!
nThexane!(5!mL)!was!added!to!afford!a!mustardTyellow!precipitate.!This!was!separated!from!the!supernatant!via!cannula!filtration,!washed!with!a!further!2!mL!
n,hexane,!and!dried!in1vacuo.!Crystals!were!obtained!by!slow!evaporation!of!an!nThexane!solution!of!the!product,!but!these!were!too!small!for!XTray!diffractometry.!Yield:!0.064!g!(81%).!IR!(KBr,!cmT1):!3051!νaromCH;!2956,!2921,!2852!νCH;!1943!νCO;!1479,!1446,!1434!νaromCC,!1233!δHCS)!(tentative),!939!νS2CH.!IR!(DCM,!cmT1):!1945!νCO.!NMR!(C6D6,!298!K)!1H:!δH!=!4.31!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!2!Hz),!4.61!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!6.92T7.72!(series!of!multiplets,!24H,!N2C6H4!and!PC6H5),!10.99!(t,!1H,!S2CH,!4JPH!=!4!Hz).!13C{1H}:!δC!=!51.5!(tv,!PCH2,!1,3JPC!=!23!Hz),!108.7,!118.4!(CH(N2C6H4)),!128.2!(tv,!CH(PPh2),!JPC!=!5!Hz),!128.7!(tv,!CH(PPh2),!JPC!=!5!Hz),!129.7,!130.4!(C6(PPh2)),!131.0!(tv,!CH(PPh2),!JPC!=!5!Hz),!132.9!(tv,!CH(PPh2),!JPC!=!6!Hz),!136.0!(tv,!C1(PPh2),!1,3JPC!=!19!Hz),!136.6!(tv,!C1(PPh2),!1,3JPC!=!20!Hz),!139.6!(tv,!C1,6(N2C6H4),!3,4JPC!=!8!Hz),!202.0!(t,!RuCO,!2JPC!=!13!Hz),!237.0!(t,!Ru(S2CH),!3JPC!=!6!Hz).!11B{1H}:!δB!=!53.7.!31P{1H}:!δP!=!59.4.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!742.4![M!+!Na]+,!720.6![M]+,!692.5![M!–!CO]+.!Accurate!Mass:!Found!720.0325![M]+,!Calcd.!for!C34H2911B14N216O31P2102Ru32S2!720.0333.!Anal.!Found:!C,!57.08;!H,!3.83;!N,!3.84%.!Calcd.!for!C34H29BN2OP2RuS2:!C,!56.75;!H,!4.06;!N,!3.89%.!!
Synthesis!of![H(CO)2Ru(dppB)]!(2.6)!A!solution!of![H(CO)(PPh3)Ru(dppB)]!(0.100!g,!0.110!mmol)!in!benzene!(10!mL)!was!frozen!using!dry!ice/ethanol,!and!the!atmosphere!in!the!flask!evacuated!and!replaced!with!carbon!monoxide!(three!times).!The!solution!was!allowed!to!melt!at!ambient!
CHAPTER!5.!EXPERIMENTAL! 160!temperature,!then!heated!to!60°C!for!7!days.!The!solvent!was!then!removed!under!reduced!pressure!and!the!residue!washed!with!n,hexane!(5!mL)!then!dried!in1vacuo.!Yield:!0.045!g!(61%).!IR!(KBr,!cmT1):!3050!νaromCH;!2044,!2002,!1962,!1956!νCO;!1896,!1883!νRuH;!1478,!1446,!1433!νaromCC.!IR!(DCM,!cmT1):!2044,!2007,!1963!(br)!νCO;!1898!(br)!νRuH!(surplus!stretches!due!to!combination!of!cisT!and!transTdicarbonyl!isomers,!see!Section!2.2.3!for!discussion).!NMR!(C6D6,!298!K)!1H:!δH!=!–8.20!(t,!1H,!RuH,!2JPH!=!23!Hz),!3.96!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!4.49!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!6.92T7.73!(set!of!multiplets,!24H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!54.1!(tv,!PCH2,!1,3JPC!=!23!Hz),!109.3,!118.6!(CH(N2C6H4)),!128.6!(tv,!CH(PPh2),!JPC!=!5!Hz),!128.8!(tv,!CH(PPh2),!JPC!=!5!Hz),!129.6,!130.2!(C6(PPh2)),!131.4!(tv,!CH(PPh2),!JPC!=!7!Hz),!133.1!(tv,!CH(PPh2),!JPC!=!7!Hz),!139.0!(tv,!C1(PPh2),!1,3JPC!=!19!Hz),!140.0!(tv,!C1(PPh2),!1,3JPC!=!19!Hz),!140.9!(tv,!C1,6(N2C6H4),!3,4JPC!=!8!Hz),!200.8!(t,!RuCO,!2JPC!=!5!Hz),!204.0!(t,!RuCO,!3JPC!=!7!Hz).!11B{1H}:!δB!=!61.2.!31P{1H}:!δP!=!72.6.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!710.1![M!+!K]+!Accurate!Mass:!Found!712.1027![M!–!H!+!MeCN]+,!Calcd.!for!C36H3111B14N316O231P2102Ru!712.1028.!Crystal1data1for!C34H29BN2O2P2Ru:!Mr!=!671.44,!triclinic,!P1–1,!a!=!9.8290(2)!Å,1b!=!11.5022(2)!Å,1c!=!15.6986(4)!Å,!α1=!106.1603!(14)°,!β!=!95.7634(11)°,!γ1=!108.7980(14)°,!V!=!1578.09(6)!Å3,!Z1=12,!Dx!=!1.413!Mg!m−3,!μ(Mo!Kα)!=!0.63!mmT1,!T1=!200(2)!K,!yellow!block,!0.34!x!0.30!x!0.16!mm,!7220!independent!reflections.!F21refinement,!R1=!0.034,!wR1=!0.073!for!6241!reflections!(I1>12σ(I),12θmax!=!55°),!171!parameters.!
Synthesis!of![Cl(CO)(PPh3)Os(dppB)]!(2.7)!A!solution!of![OsCl(Ph)(CO)(PPh3)2]!(0.400!g,!0.468!mmol)!and!dppBH!(0.241!g,!0.469!mmol)!in!DCM!(40!mL)!was!stirred!for!45!min.!The!solvent!was!then!removed!under!reduced!pressure!and!the!resulting!yellow!residue!washed!with!nThexane!(2!x!15!mL)!and!dried!in1vacuo.!XTray!quality!crystals!were!obtained!by!slow!evaporation!of!a!DCM/diethyl!ether!solution!of!the!product.!Yield:!0.475!g!(99%).!IR!(KBr,!cmT1):!3051!
νaromCH;!2921,!2851!νCH;!1922!νCO;!1479,!1434!νaromCC.!IR!(DCM,!cmT1):!1929!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!4.50!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!2!Hz),!4.67(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!6.95T7.59!(series!of!multiplets,!39H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!54.6!(tv!d,!PCH2,!1,3JPC!=!26!Hz,!3JPC!=!6!Hz),!109.3,!118.3!(CH(N2C6H4)),!127.7!(d,!CH(PPh3),!JPC!=!9!Hz),!128.1!(tv,!CH(PPh2),!JPC!=!5!Hz),!129.2!
CHAPTER!5.!EXPERIMENTAL! 161!(CH(PPh2)),!129.9!(d,!CH(PPh3),!JPC!=!11!Hz),!132.3!(tv,!CH(PPh2),!JPC!=!5!Hz),!134.3!(d,!CH(PPh3),!JPC!=!11!Hz),!136.0!(tv,!C1(PPh2),!1,3JPC!=!22!Hz),!137.1!(d,!C1(PPh3),!1JPC!=!33!Hz),!140.3!(tv,!C1,6(N2C6H4),!3,4JPC!=!7!Hz),!181.1!(dt,!OsCO,!2JPC!=!9!Hz,!2JPC!=!5!Hz).!11B{1H}:!δB!=!59.6.!31P{1H}:!δP!=!–3.3!(br!m,!PPh3),!23.3!(d,!PPh2,!2JPP!=!10!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!1053.2![M!+!Na]+,!1036.3![M!–!Cl!+!MeCN]+,!995.2![M!–!Cl]+.!Accurate!Mass:!Found!1031.2054![M!+!H]+,!Calcd.!for!C51H4411B35Cl14N216O31P3192Os!1031.2063.!Anal.!Found:!C,!57.95;!H,!3.75;!N,!2.56%.!Calcd.!for!C51H43BClN2OP3Os.0.5(CH2Cl2):!C,!57.71;!H,!4.13;!N,!2.61%!(The!presence!of!DCM!was!supported!by!crystallography!and!1H!NMR!data).!Crystal1data1for!C51H43BClN2OOsP3.0.065(CH2Cl2):!Mr!=!1034.82,!triclinic,!P1–1,!a!=!13.1698(2)!Å,1b!=!18.0440(2)!Å,1c!=!20.1142(3)!Å,!α!=!74.1213(7)°,!β!=!80.3866(8)°,!γ!=!87.9523(9)°,V!=!4532.66(11)!Å3,!Z1=14,!Dx!=!1.516!Mg!m−3,!μ(Mo!Kα)!=!3.03!mmT1,!T1=!200(2)!K,!colourless!block,!0.26!x!0.18!x!0.15!mm,!20785!independent!reflections.!F21refinement,!
R1=!0.031,!wR1=!0.066!for!16567!reflections!(I1>2σ(I),12θmax!=!55°),!1108!parameters.!!
Synthesis!of![Cl(CO)(CNMes)Os(dppB)]!(2.8)!A!solution!of![Cl(CO)(PPh3)Os(dppB)]!(0.095!g,!0.092!mmol)!and!mesityl!isocyanide!(0.014!g,!0.096!mmol)!in!DCM!(10!mL)!was!stirred!for!3!hrs.!The!solution!was!concentrated!in1vacuo!to!5!mL,!and!10!mL!n,hexane!added.!This!solution!was!then!further!concentrated!until!a!precipitate!had!formed!(approximately!half!the!original!volume).!This!precipitate!was!separated!from!the!supernatant!via!cannula!filtration.!XTray!quality!crystals!were!obtained!by!slow!evaporation!of!a!DCM/diethyl!ether!solution!of!the!product.!Yield:!0.061!g!(73%).!IR!(KBr,!cmT1):!3051!νaromCH;!2919,!2849!
νCH;!2110!νCN;!1938!νCO;!1477,!1435!νaromCC.!IR!(DCM,!cmT1):!2109!νCN;!1938!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!2.33!(s,!3H,!pTMesCH3),!2.40!(s,!6H,!oTMesCH3),!4.46!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!5.01(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!3!Hz),!6.92T8.03!(series!of!multiplets,!26H,!N2C6H4!and!MesCH).!13C{1H}:!δC!=!19.3!(oTMesCH3,!two!peaks!overlapping),!21.3!(p,MesCH3),!52.3!(tv,!PCH2,!1,3JPC!=!25!Hz),!109.7,!118.4!(CH(N2C6H4)),!126.3!(4C(arom)),!128.3!(tv,!CH(PPh2),!JPC!=!4!Hz),!128.4!(tv,!CH(PPh2),!
JPC!=!5!Hz),!128.7!(aromCH),!129.6,!130.7!(tv,!CH(PPh2),!JPC!=!6!Hz),!131.9!(tv,!C1(PPh2),!1,3JPC!=!22!Hz),!134.8!(tv,!CH(PPh2),!JPC!=!6!Hz),!138.3!(4C(arom)),!138.9!(tv,!C1(PPh2),!1,3JPC!=!22!Hz),!141.0!(tv,!C1,6(N2C6H4),!3,4JPC!=!8!Hz),!153.0!(br,!OsC≡N),!179.5!(t,!OsCO,!
CHAPTER!5.!EXPERIMENTAL! 162!2JPC!=!8!Hz).!11B{1H}:!δB!=!61.4.!31P{1H}:!δP!=!31.4.!!ESITMS!(+ve!Ion,!MeCN):!m/z!=!952.2![M!+!K]+,!936.2![M!+!Na]+,!919.3![M!–!Cl!+!MeCN]+.!Accurate!Mass:!Found!936.1866![M!+!Na]+,!Calcd.!for!C43H3911B35Cl14N316O31P2192Os!936.1863.!Anal.!Found:!C,!56.97;!H,!4.47;!N,!4.97%.!Calcd.!for!C43H39BClN3OOsP2:!C,!56.62;!H,!4.31;!N,!4.61%.!Crystal1data1
for!C43H39BN3OOsP2:!Mr!=!912.22,!orthorhombic,!Pna21,!a!=!25.5804(4)!Å,1b!=!13.6256(3)!Å,1c!=!22.8860(5)!Å,+V!=!7976.9(3)!Å3,!Z1=18,!Dx!=!1.519!Mg!m−3,!μ(Mo!Kα)!=!3.38!mmT1,!T1=!200(2)!K,!colourless!plate,!0.16!x!0.10!x!0.04!mm,!14054!independent!reflections.!F1refinement,!R1=!0.050,!wR1=!0.051!for!7011!reflections!(I1>3σ(I),12θmax!=!50°),!198!parameters.!+
+
Synthesis!of![H(CO)(PPh3)Os(dppB)]!(2.9)!Sodium!borohydride!(0.039!g,!1.0!mmol)!and![Cl(CO)(PPh3)Os(dppB)]!(0.100!g,!0.0972!mmol)!were!dissolved!in!a!solvent!mixture!of!THF!(5!mL)!and!ethanol!(4!mL)!with!stirring.!The!reaction!mixture!was!stirred!at!ambient!temperature!for!18!hrs,!then!the!solvent!removed!under!reduced!pressure.!The!resulting!residue!was!reTdissolved!in!THF!(2!mL)!and!5!mL!methanol!added.!The!pale!brown!precipitate!was!separated!from!the!supernatant!via!cannula!filtration,!washed!with!a!further!5!mL!methanol!and!dried!in1vacuo.!XTray!quality!crystals!of!the!product!could!be!obtained!from!slow!diffusion!of!nThexane!into!a!toluene!solution!of!the!product.!Yield:!0.075!g!(78%).!IR!(KBr,!cmT1):!3045!νaromCH;!2924,!2853!νCH;!1956!νCO;!1863!νOsH;!1479,!1449,!1432!νaromCC.!IR!(DCM,!cmT1):!1956!νCO!(νOsH!too!weak!to!be!unambiguously!identified).!NMR!(C6D6,!298!K)!1H:!δH!=!–8.17!(td,!1H,!OsH,!2JPH!=!23!Hz,!2JPH!=!22!Hz),!4.13!(br!d,!2H,!PCH2N,!2JHH!=!12!Hz),!4.45!(br!d,!2H,!PCH2N,!2JHH!=!12!Hz),!6.73T7.43!(series!of!multiplets,!39H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!58.2!(tv!d,!PCH2,!1,3JPC!=!26!Hz,!3JPC!=!8!Hz),!109.1,!118.2!(CH(N2C6H4)),!128.7,!129.1,!129.3!(aromCH),!131.6!(d,!PPh3,!JPC!=!2!Hz),!132.4!(d,!CH(PPh3),!JPC!=!6!Hz),!132.5!(tv,!CH(PPh2),!JPC!=!3!Hz),!133.1!(tv,!CH(PPh2),!JPC!=!6!Hz),!134.5!(d,!CH(PPh3),!JPC!=!12!Hz),!138.3!(tv,!C1(PPh2),!1,3JPC!=!20!Hz),!139.1!(tv,!C1(PPh2),!1,3JPC!=!22!Hz),!140.0!(d,!C1(PPh3),!1JPC!=!36!Hz),!141.1!(tv,!C1,6(C6H4N2),!3,4JPC!=!8!Hz)!(some!aromatic!peaks!equivocal!or!obscured!due!to!C6D6!overlap,!OsCO!resonance!could!not!be!unambiguously!identified!due!to!poor!signal!to!noise).!11B{1H}:!δB!=!57.9.!31P{1H}:!δP!=!13.4!(br!m,!PPh3),!33.0!(d,!PPh2,!2JPP!=!10!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!1035.5![M!+!K]+,!994.5![M!–!H]+,!733.2![M!–!H!–!PPh3]+.!
CHAPTER!5.!EXPERIMENTAL! 163!Accurate!Mass:!Found!997.2443![M!+!H]+,!Calcd.!for!C51H4511B14N216O31P3192Os!997.2453.!Anal.!Found:!C,!61.33;!H,!4.55;!N,!2.58%.!Calcd.!for!C51H44BN2OOsP3:!C,!61.57;!H,!4.46;!N,!2.82%.!Crystal1data1for!C51H44BN2OOsP3:!Mr!=!994.85,!triclinic,!P1–1,!
a!=!11.2312(3)!Å,1b!=!11.7254(2)!Å,1c!=!18.3369(5)!Å,!α!=!72.3031(15)°,!β!=!73.2074(11)°,!γ1=!88.3370(16)°,!V!=!2197.84(9)!Å3,!Z1=12,!Dx!=!1.503!Mg!m−3,!μ(Mo!Kα)!=!3.05!mmT1,!T1=!200(2)!K,!colourless!prism,!0.20!x!0.09!x!0.06!mm,!7753!independent!reflections.!F2!refinement,!R1=!0.030,!wR1=!0.061!for!7020!reflections!(I1>2σ(I),12θmax!=!50°),!535!parameters.!1
!
Synthesis!of![Cl2(PPh3)Os(η2<HBdpp)]!(2.10)!A!solution!of![OsCl2(PPh3)3]!(0.100!g,!0.0954!mmol)!and!dppBH!(0.049!g,!0.095!mmol)!in!benzene!(5!mL)!was!stirred!for!30!min.!The!solvent!was!removed!under!reduced!pressure,!and!the!resulting!dark!brown/black!residue!washed!with!ethanol!(7!mL)!and!nThexane!(5!mL)!and!dried!in1vacuo.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!nThexane!into!a!toluene!solution!of!the!product.!Yield:!0.092!g!(93%).!IR!(KBr,!cmT1):!3051!νaromCH;!2954,!2924,!2854!νCH;!1463,!1436!νaromCC.!NMR!(C6D6,!298!K)!1H:!δH!=!–13.72!(m,!1H,!OsH),!4.31!(m,!4H,!PCH2N),!6.46T8.68!(series!of!multiplets,!39H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!55.3!(tv,!PCH2,!1,3JPC!=!24!Hz),!111.2,!119.9!(CH(N2C6H4)),!130.7,!131.2!(aromCH),!131.3!(d,!PPh3,!JPC!=!3!Hz),!132.1!(d,!CH(PPh3),!
JPC!=!9!Hz),!135.0!(d,!CH(PPh3),!JPC!=!9!Hz),!136.0!(tv,!PPh2,!JPC!=!5!Hz),!140.0!(tv,!C1(PPh2),!1,3JPC!=!21!Hz),!144.2!(C1,6(C6H4N2))!(some!aromatic!peaks!obscured!due!to!C6D6!overlap).!11B{1H}:!δB!=!53.2.!31P{1H}:!δP!=!0.3!(d,!PPh2,!2JPP!=!12!Hz),!7.4!(t,!PPh3,!2JPP!=!12!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!1077.7![M!+!K]+,!1061.5![M!+!Na]+,!1003.6![M!–!Cl]+,!967.5![M!–!2Cl]+.!Accurate!Mass:!Found!1061.1697![M!+!Na]+,!Calcd.!for!C50H4411B35Cl214N223Na31P3192Os!1061.1700.!Anal.!Found:!C,!59.71;!H,!4.38;!N,!2.20%.!Calcd.!for!C50H44BCl2N2OsP3.0.5(C7H8):!C,!59.27;!H,!4.46;!N,!2.58%!(The!presence!of!0.5!equivalents!of!toluene!was!confirmed!by!crystallography).!Crystal1data1for!C50H44BCl2N2OsP3.0.5(C7H8):!Mr!=!1083.82,!monoclinic,!P21/c,!a!=!12.4233(1)!Å,1b!=!20.3953(2)!Å,1c!=!18.8159(2)!Å,!β!=!92.0176(6)°,!V!=!4764.56(8)!Å3,!Z1=14,!Dx!=!1.511!Mg!m−3,!μ(Mo!Kα)!=!2.93!mmT1,!T1=!200(2)!K,!brown!block,!0.31!x!0.18!x!0.17!mm,!10913!independent!reflections.!F21refinement,!R1=!0.022,!wR1=!0.051!for!9626!reflections!(I1>2σ(I),12θmax!=!55°),!598!parameters.!!
CHAPTER!5.!EXPERIMENTAL! 164!
Synthesis!of![Cl2(PPh3)Ru(η2<HBdpp)]!!(2.11)!A!solution!of![RuCl2(PPh3)3]!(1.000!g,!1.04!mmol)!and!dppBH!(0.536!g,!1.04!mmol)!in!benzene!(50!mL)!was!stirred!for!22!hrs.!The!solvent!was!concentrated!under!reduced!pressure!to!approximately!10!mL,!and!15!mL!nThexane!added!to!afford!an!orange!precipitate.!The!supernatant!was!removed!via!cannula!filtration,!and!the!precipitate!washed!with!nThexane!(2!x!15!mL)!and!dried!in1vacuo.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!nThexane!into!a!toluene!solution!of!the!product.!Yield:!0.887!g!(90%).!IR!(KBr,!cmT1):!3047!νaromCH;!2921,!2846!νCH;!2259!νBHRu;!1478,!1435!
νaromCC.!NMR!(C6D6,!298!K)!1H:!δH!=!–14.04!(br,!1H,!RuH),!4.31!(m,!4H,!PCH2N),!6.45T8.72!(series!of!multiplets,!39H,!N2C6H4!and!PC6H5).!13C{1H}:!δC!=!54.9!(tv,!PCH2,!1,3JPC!=!21!Hz),!111.2,!120.3!(CH(N2C6H4)),!129.3,!131.2!(aromCH),!131.6!(tv,!PPh2,!JPC!=!5!Hz),!131.9,!132.2,!132.5,!135.3!(arom),!135.6!(d,!CH(PPh3),!JPC!=!9!Hz),!135.9!(arom),!136.5!(tv,!PPh2,!JPC!=!6!Hz),!140.0!(tv,!C1(PPh2),!1,3JPC!=!17!Hz),!144.7!(tv,!C1,6(C6H4N2),!3,4JPC!=!7)!(some!aromatic!peaks!equivocal!or!obscured!due!to!C6D6!overlap).!11B{1H}:!δB!=!49.2.!31P{1H}:!δP!=!32.1!(d,!PPh2,!2JPP!=!22!Hz),!49.2!(t,!PPh3,!2JPP!=!23!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!913.6![M!–!Cl]+.!Accurate!Mass:!Found!949.1307![M!+!H]+,!Calcd.!for!C50H4511B35Cl214N231P3102Ru!949.1309.!Anal.!Found:!C,!64.37;!H,!5.00;!N,!3.08%.!Calcd.!for!C50H44BCl2N2RuP3.0.5(C7H8):!C,!64.60;!H,!4.86;!N,!2.82%!(The!presence!of!0.5!equivalents!of!toluene!was!observed!in!a!crystal!structure).1Crystal1data1for!C50H44BCl2N2P3Ru:!Mr!=!948.62,!monoclinic,!P21/c,!a!=!12.4171(8)!Å,1b!=!20.3980(15)!Å,1c!=!18.7584(13)!Å,!β!=!91.922(4)°,!V!=!4748.5(6)!Å3,!Z1=14,!Dx!=!1.327!Mg!m−3,!μ(Mo!Kα)!=!0.58!mmT1,!T1=!200(2)!K,!orange!block,!0.09!x!0.08!x!0.06!mm,!6213!independent!reflections.!F21refinement,!R1=!0.089,!wR1=!0.014!for!3786!reflections!(I1>2σ(I),12θmax!=!45°),!535!parameters.!!
Intermediate!complex:!In!the!above!reaction,!consumption!of!the!starting!materials!occurred!within!15!min,!with!a!second!complex!observed!in!the!reaction!mixture!that!gradually!converted!to!the!final!product.!NMR!(tolueneTd8,!298!K)!1H:!δH!=!–7.21!(br,!1H,!RuH),!4.20!(m,!4H,!PCH2N,!assignment!equivocal!due!to!overlap!with!final!product,!aromatic!peaks!could!not!be!unambiguously!assigned!due!to!impurities).!31P{1H}:!δP!=!26.5!(t,!PPh3,!2JPP!=!24!Hz),!34.5!(d,!PPh2,!2JPP!=!25!Hz).!!
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Formation!of!![Cl(CO)2Ru(dppB)]!(2.12)!from![Cl2(PPh3)Ru(η2<HBdpp)]!In!an!NMR!tube,!a!sample!of![Cl2(PPh3)Ru(η2THBdpp)]!in!C6D6!was!frozen!using!dry!ice/ethanol.!The!atmosphere!in!the!tube!was!evacuated!and!replaced!with!carbon!monoxide!(three!times),!and!the!solvent!allowed!to!warm!to!ambient!temperature,!then!was!heated!to!60°C!for!18!hrs.!NMR!and!infrared!data!of!the!resulting!mixture!were!consistent!with!the!formation!of![Cl(CO)2Ru(dppB)].2!
!
Synthesis!of![Cl(CNMes)2Ru(dppB)]!(2.13)!A!solution!of![Cl2(PPh3)Ru(η2THBdpp)]!(0.100!g,!0.105!mmol)!and!mesityl!isocyanide!(0.032!g,!0.22!mmol)!in!THF!(10!mL)!was!stirred!for!66!hrs.!The!solvent!was!removed!under!reduced!pressure.!The!residue!was!redissolved!in!2!mL!THF!and!5!mL!n,hexane!added.!The!supernatant!was!separated!from!the!precipitate!via!cannula!filtration,!and!the!filtrate!freed!of!volatiles!under!reduced!pressure.!The!resulting!residue!was!washed!with!nThexane!(5!+!2!mL)!then!diethyl!ether!(5!+!2!+!2!mL)!to!give!the!product!as!a!colourless!solid.!XTray!quality!crystals!were!obtained!by!slow!evaporation!of!a!DCM/nThexane!solution!of!the!product.!Yield:!0.033!g!(33%).!IR!(KBr,!cmT1):!3047!
νaromCH;!2918,!2842!νCH;!2109,!2073!νCN;!1475,!1434!νaromCC.!IR!(DCM,!cmT1):!2104,!2061!νCN.!NMR!(CDCl3,!298!K)!1H:!δH!=!1.47!(s,!6H,!MesCH3),!2.08!(s,!3H,!MesCH3),!2.32!(s,!3H,!MesCH3),!2.42!(s,!6H,!MesCH3),!4.42!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!2!Hz),!4.69!(dtv,!2H,!PCH2N,!2JHH!=!12!Hz,!2,4JPH!=!4!Hz),!6.39!(s,!2H,!MesCH),!6.76T8.05!(series!of!multiplets,!26H,!N2C6H4,!MesCH!and!PC6H5).!13C{1H}:!δC!=!18.2,!19.4!(oTMesCH3),!21.0,!21.3!(p,MesCH3),!51.4!(tv,!PCH2,!1,3JPC!=!23!Hz),!109.0,!117.9!(CH(N2C6H4)),!127.3!(aromCH),!127.8!(tv,!CH(PPh2),!JPC!=!5!Hz),!128.2!(tv,!CH(PPh2),!JPC!=!5!Hz),!128.3,!128.7,!130.1!(arom),!130.6!(tv,!CH(PPh2),!JPC!=!5!Hz),!132.9,!134.5,!134.6,!134.7!(arom),!134.9!(tv,!CH(PPh2),!JPC!=!6!Hz),!137.9!(4C(arom)),!139.6!(tv,!C1(PPh2),!1,3JPC!=!19!Hz),!141.4!(tv,!C1,6(N2C6H4),!3,4JPC!=!8!Hz),!168.4!(m,!RuC≡N),!171.4!(t,!RuC≡N,!2JPC!=!14!Hz).!11B{1H}:!δB!=!57.3.!31P{1H}:!δP!=!61.2.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!945.4![M!–!Cl!+!MeCN]+,!905.5![M!–!Cl]+,!760.3![M!–!Cl!–!CNMes]+.!Accurate!Mass:!Found!905.2648![M!–!Cl]+,!Calcd.!for!C52H5011B14N431P2102Ru!905.2647.!Crystal1data1for!C52H50BClN4P2Ru:!
Mr!=!940.28,!triclinic,!P1–1,!a!=!11.2613(4)!Å,1b!=!11.7881(4)!Å,1c!=!20.5180(8)!Å,!α1=!100.1449(16)°,!β!=!95.749(2)°,!γ!=!118.1335(17)°,!V!=!2311.12(15)!Å3,!Z1=12,!Dx!=!1.351!Mg!m−3,!μ(Mo!Kα)!=!0.51!mmT1,!T1=!200(2)!K,!colourless!prism,!0.18!x!0.07!x!0.04!
CHAPTER!5.!EXPERIMENTAL! 166!mm,!8093!independent!reflections.!F21refinement,!R1=!0.075,!wR1=!0.100!for!3924!reflections!(I1>2σ(I),12θmax!=!50°),!550!parameters.!!
Reaction!of![Cl2(PPh3)Ru(η2<HBdpp)]!with!NaBH4!Sodium!borohydride!(0.041!g,!1.1!mmol)!and![Cl2(PPh3)Ru(η2THBdpp)]!(0.100!g,!0.105!mmol)!were!dissolved!in!a!solvent!mixture!of!THF!(5!mL)!and!ethanol!(3!mL).!The!reaction!mixture!was!stirred!for!18!hrs.!Attempts!to!isolate!the!product,!2.14,!resulted!in!formation!of!side!products!that!were!not!observed!in!the!reaction!mixture!(see!Section!2.2.9!for!discussion).!NMR!(C6D6,!298!K)!1H:!δH!=!–8.24!(dt,!RuH,!2JPH!=!19!Hz,!2JPH!=!19!Hz)!(other!resonances!could!not!be!unambiguously!assigned!due!to!impurities).!31P{1H}:!δP!=!51.9!(t,!PPh3,!2JPP!=!22!Hz),!73.3!(d,!PPh2,!2JPP!=!21!Hz).!!
Reaction!of![Cl2(PPh3)Ru(η2<HBdpp)]!with!NEt3!to!give!2.15!Triethylamine!(0.04!mL,!0.3!mmol)!was!added!to!a!solution!of![Cl2(PPh3)Ru(η2THBdpp)]!(0.100!g,!0.105!mmol)!in!benzene!(10!mL),!and!the!reaction!mixture!stirred!for!25!hrs.!The!volatiles!were!then!removed!under!reduced!pressure,!and!the!residue!stirred!in!5!mL!ethanol!for!one!hr.!The!supernatant!was!removed!via!cannula!filtration,!and!the!precipitate!dried!in1vacuo.!NMR!(C6D6,!298!K)!1H:!δH!=!–15.01!(dt,!1H,!RuH,!2JPH!=!30!Hz,!2JPH!=!14!Hz),!4.45!(br,!1H,!PCH2),!4.89!(d,!1H,!PCH2,!2JHH!=!12!Hz),!5.33!(br,!1H),!6.32T7.72!(set!of!multiplets,!assignment!equivocal!due!to!impurities).!31P{1H}:!δP!=!72.2!(t,!PPh3,!2JPP!=!30!Hz)!(PPh2!peaks!too!broad!to!see!due!to!exchange,!see!Section!2.2.10!for!further!discussion).!NMR!(tolueneTd8,!213!K)!1H:!δH!=!–14.96!(br!m),!3.91!(br,!1H),!4.19!(br,!1H),!4.84!(br,!2H),!5.11!(br,!1H),!5.23!(br,!1H),!6.30T7.97!(set!of!broad!multiplets).!31P:!δP!=!–5.1!(dd,!PPh2,!2JPP!=!279!Hz,!2JPP!=!29!Hz),!38.2!(dd,!PPh2,!2JPP!=!280!Hz,!2JPP!=!30!Hz),!72.8!(t,!PPh3,!2JPP!=!29!Hz).!NMR!(tolueneTd8,!373!K)!1H:!δH!=!–15.10!(dt,!2JPH!=!29!Hz,!2JPH!=!19!Hz),!4.42!(br!d,!2JHH!=!13!Hz),!4.87!(d,!2JHH!=!13!Hz),!6.32T7.70!(set!of!multiplets).!31P:!δP!=!14.3!(d,!PPh2,!2JPP!=!31!Hz)!72.2!(t,!PPh3,!2JPP!=!32!Hz).!!! Slow!evaporation!of!a!benzene/ethanol!solution!of!the!crude!product!of!this!reaction!resulted!in!crystals!of!the!tetrameric!decomposition!product!2.16.!Crystal1
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data1for!2(C64H56B2Cl3N4O2P4Ru2)·2(C6H6)·K:!Mr!=!2929.70,!monoclinic,!C2/c,!a!=!30.1127(12)!Å,1b!=!26.5073(11)!Å,1c!=!18.6910(8)!Å,!β!=!111.367(2)°,!V!=!13893.8(10)!Å3,!Z1=14,!Dx!=!1.401!Mg!m−3,!μ(Mo!Kα)!=!0.72!mmT1,!T1=!200(2)!K,!orange!block,!0.14!x!0.09!x!0.07!mm,!12272!independent!reflections.!F21refinement,!R1=!0.087,!wR1=!0.157!for!5637!reflections!(I1>2σ(I),12θmax!=!50°),!843!parameters.!
5.3! Dihydroperimidine<based!Pincers!!
Synthesis!of!1,3<bis(diphenylphosphinomethyl)<2,3<dihydroperimidine!(3.1a)!A!suspension!of!paraformaldehyde!(1.71!g,!57.0!mmol)!and!1,8Tdiaminonaphthalene!(3.00!g,!19.0!mmol)!in!HPPh2!(6.6!mL,!38!mmol)!was!heated!to!110°C!with!stirring!for!30!min.!The!resultant!dark!purple!residue!was!allowed!to!cool!to!ambient!temperature.!This!was!dissolved!in!a!minimum!amount!of!DCM!and!Et2O!added!to!afford!the!product!as!a!precipitate,!which!was!separated!by!filtration!in!air.!Further!product!was!obtained!from!the!filtrate.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!nThexane!into!a!DCM!solution!of!the!product.!Combined!yield:!8.27!g!(77%).!IR!(KBr,!cmT1):!3049!νaromCH;!1590,!1433!νaromCC.!NMR!(C6D6,!298!K)!1H:!δH!=!3.79!(d,!4H,!PCH2,!2JPH!=!5!Hz),!4.22!(s,!2H,!NCH2N),!6.69!(dd,!2H,!naphCH,!3JHH!=!7!Hz,!4JHH!=!2!Hz),!7.02T7.42!(set!of!multiplets,!24H,!C6H5!and!naphCH).!13C{1H}:!δC!=!53.4!(d,!PCH2,!1JPC!=!9!Hz),!67.7!(m,!NCH2N),!106.6!(naphCH),!117.4!(4C(naph)),!118.9!(naphCH),!126.9!(naphCH),!128.8!(d,!CH(C6H5),!3JPC!=!7!Hz),!128.9!(CH(C6H5)),!133.4!(d,!CH(C6H5),!2JPC!=!18!Hz),!135.8!(4C(naph)),!138.3!(d,!4C(C6H5),!1JPC!=!16!Hz),!144.1!(4C(naph)).!31P{1H}:!δP!=!−26.0.!ESITMS!(+ve!ion,!MeCN):!m/z!=!605.3![M!+!K]+,!589.3![M!+!Na]+,!381.3![M!–!PPh2]+.!Accurate!Mass:!Found!566.2042![M]+,!Calcd.!for!C37H3214N231P2!566.2041.!Anal.!Found:!C,!78.73;!H,!5.48;!N,!5.01%.!Calcd.!for!C37H32N2P2:!C,!78.43;!H,!5.69;!N,!4.94%.!Crystal1data1for!C37H32N2P2:!Mr!=!566.62,!monoclinic,!P21/n,!a!=!10.2295(3)!Å,!b1=!17.7567(6)!Å,!c1=16.1458(4)!Å,!β!=!90.3761!(19)°,!V1=!2932.69(15)!Å3,!Z1=!4,!Dx!=!1.283!Mg!mT3,!μ(Mo!Kα)!=!0.18!mmT1,!T1=!200(2)!K,!colourless!plate,!0.37!x!0.22!x!0.07!mm,!5168!independent!reflections.!F21refinement,!R1=!0.050,!wR1=!0.103!for!4336!reflections!(I1>12σ(I),12θmax!=!56°),!371!parameters.!!!
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Synthesis!of!1,3<bis(dicyclohexylphosphinomethyl)<2,3<dihydroperimidine!
(3.1b)!A!suspension!of!paraformaldehyde!(0.569!g,!18.9!mmol)!and!1,8Tdiaminonaphthalene!(1.00!g,!6.32!mmol)!in!HPCy2!(2.6!mL,!13!mmol)!was!heated!to!130°C!with!stirring!for!6!hrs.!The!resultant!solution!solidified!as!it!was!allowed!to!cool!to!ambient!temperature.!This!was!dissolved!in!10!mL!of!hot!nThexane,!which!cooled!to!afford!the!product!as!a!precipitate.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!nThexane!into!a!DCM!solution!of!the!product.!Yield:!2.73!g!(73%).!IR!(KBr,!cmT1):!3051!
νaromCH;!2922,!2849!νCH;!1588!νaromCC.!NMR!(C6D6,!298!K)!1H:!δH!=!1.19T1.88!(set!of!multiplets,!44H,!C6H11),!3.40!(d,!4H,!PCH2,!2JPH!=!3!Hz),!4.62!(s,!2H,!NCH2N),!6.91!(dd,!2H,!naphCH,!3JHH!=!7!Hz,!4JHH!=!1!Hz),!7.32!(dd,!2H,!naphCH,!3JHH!=!8!Hz,!4JHH!=!1!Hz),!7.39!(dd,!2H,!naphCH,!3JHH!=!8!Hz,!3JHH!=!8!Hz).!13C{1H}:!δC!=!26.8!(CH2(C6H11)),!27.5!(CH2(C6H11)),!27.7!(CH2(C6H11)),!!29.7!(d,!CH2(C6H11),!JPC!=!10!Hz),!30.3!(d,!CH2(C6H11),!
JPC!=!14!Hz),!33.6!(d,!CH(C6!H11),!1JPC!=!16!Hz),!46.0!(d,!PCH2,!1JPC!=!13!Hz),!67.0!(t,!NCHT2N,!3JPC!=!13!Hz),!105.0!(naphCH),!117.1!(4C(naph)),!118.4!(naphCH),!126.9!(naphCH),!136.1!(4C(naph)),!145.4!(4C(naph)).!31P{1H}:!δP!=!–16.6.!ESITMS!(+ve!ion,!MeCN):!m/z!=!589.6![M!–!H]+,!575.6![M!–!CH2!–!H]+,!393.5![M!–!PCy2]+.!Accurate!Mass:!Found!589.3842,!Calcd.!for!C37H5514N31P!589.3841.!Anal.!Found:!C,!75.47;!H,!9.22;!N,!4.79%.!Calcd.!for!C37H56N2P2:!C,!75.22;!H,!9.55;!N,!4.74%.!Crystal1data1for1C37H56N2P2:!Mr!=!590.81,!monoclinic,!P21/a,!a!=!16.8797(7)!Å,!b1=!11.8950(7)!Å,!c1=!18.4555(8)!Å,!β!=!115.196(2)°,!V1=!3353.0(3)!Å3,!Z1=!4,!Dx!=!1.170!Mg!m−3,!μ(Mo!Kα)!=!0.16!mmT1,!T1=!200(2)!K,!colourless!block,!0.26!x!0.21!x!0.14!mm,!5932!independent!reflections.!F2!refinement,!R1=!0.093,!wR1=!0.215!for!4363!reflections!(I1>12σ(I),+2θmax!=!50°),!429!parameters.!
!
Synthesis!of![Cl2(PPh3)Ru(PhPNP)]!(3.2a)!A!solution!of![RuCl2(PPh3)3]!(0.200!g,!0.209!mmol)!and!PhDHP!(0.118!g,!0.208!mmol)!in!THF!(20!mL)!was!stirred!for!18!hrs.!The!solution!was!freed!of!volatiles!under!reduced!pressure,!and!ethanol!(12!mL)!added!to!the!residue.!The!suspension!was!stirred!for!64!hrs!and!the!pinkishTbrown!solid!product!separated!from!the!supernatant!via!cannula!filtration.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!diethyl!ether!into!a!DCM!solution!of!the!product.!Yield:!0.142!g!(68%).!IR!
CHAPTER!5.!EXPERIMENTAL! 169!(KBr,!cmT1):!3049!νaromCH;!1597,!1584,!1482,!1433!νaromCC.!NMR!(CDCl3,!298!K)!1H!(300.1!MHz,!ref.!to!THF):!δH!=!4.16!(d,!1H,!NCH2N,!2JHH!=!5!Hz),!4.18!(d,!1H,!NCH2N,!2JHH!=!4!Hz),!4.83!(d,!2H,!PCH2N,!2JHH!=!14!Hz),!5.48!(d,!2H,!PCH2N,!2JHH!=!14!Hz),!6.26!(d,!2H,!naphCH,!3JHH!=!11!Hz),!6.37!(d,!2H,!naphCH,!3JHH!=!8!Hz),!6.76T7.87!(set!of!multiplets,!37H,!C6H5!and!naphCH).!13C{1H}:!δC!=!64.2!(br,!PCH2),!73.5!(NCH2N),!116.2!(naphCH),!120.3!(4C(naph)),!122.3!(naphCH),!125.2!(naphCH),!126.7!(d,!CH(C6H5),!2JPC!=!10!Hz),!127.2!(tv,!CH(C6H5),!JPC!=!4!Hz),!127.5!(tv,!CH(C6H5),!JPC!=!5!Hz),!128.6!(d,!4C(C6H5),!1JPC!=!28!Hz),!134.1!(4C(naph)),!134.5!(tv,!CH(C6H5),!JPC!=!5!Hz),!134.9!(d,!CH(C6H5),!3JPC!=!9!Hz),!!136.3!(tv,!4C(C6H5),!JPC!=!5!Hz),!143.6!(4C(naph)).!31P{1H}:!δP!=!–16.9!(br,!PPh2),!55.1!(t,!PPh3,!2JPP!=!29!Hz).!NMR!(tolueneTd8,!198!K)!31P{1H}:!δP!=!–26.0!(dd,!PPh2,!2JPP!=!292!Hz,!2JPP!=!28!Hz),!–9.0!(dd,!PPh2,!2JPP!=!293!Hz,!2JPP!=!28!Hz),!57.3!(t,!PPh3,!2JPP!=!28!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!1006.6![M!–!Cl!+!MeCN]+,!929.6![M!–!2Cl]+,!667.4![M!–!PPh3!–!2Cl]+.!Accurate!Mass:!Found!1006.1954![M!–!Cl!+!MeCN]+,!Calcd.!for!C57H5035Cl!14N331P3102Ru!1006.1950.!Anal.!Found:!C,!65.95;!H,!4.78;!N,!2.62%.!Calcd.!for!C55H47Cl2N2P3Ru:!C,!66.00;!H,!4.73;!N,!2.80%.!Crystal1data1for!C55H47Cl2N2P3Ru.CH2Cl2:!Mr!=!1085.82,!triclinic,!P1–1,!a!=!11.3781(2)!Å,!b1=!12.6054(4)!Å,!c1=!18.8891(6)!Å,!α!=!71.3895(12)°,!β!=!76.4431(16)°,!γ!=!72.4232(16)°,!V1=!2418.91(12)!Å3,!Z1=!2,!Dx!=!1.491!Mg!m−3,!μ(Mo!Kα)!=!0.69!mmT1,!T1=!200(2)!K,!orange!needle,!0.28!x!0.10!x!0.04!mm,!11119!independent!reflections.!F21refinement,!R1=!0.042,!wR1=!0.085!for!7968!reflections!(I1>12σ(I),12θmax!=!55°),!605!parameters.!!
Synthesis!of![Cl2(C4H8O)Ru(CyPCNHCP)]!(3.3b)!A!solution!of![RuCl2(PPh3)3]!(0.200!g,!0.209!mmol)!and!CyDHP!(0.123!g,!0.208!mmol)!in!THF!(20!mL)!was!stirred!for!48!hrs.!The!solution!was!freed!of!volatiles!under!reduced!pressure.!The!residue!was!redissolved!in!THF!and!chromatographed!on!silica!gel!using!a!20%!mixture!of!THF!in!nThexane!as!eluent.!An!orange!band!was!collected,!and!the!solvent!removed!under!reduced!pressure.!The!residue!was!redissolved!in!toluene!and!nThexane!added,!followed!by!storage!at!–18°C!to!afford!the!product!as!a!yellow!precipitate.!This!was!separated!from!the!supernatant!via!cannula!filtration.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!n,hexane!into!a!THF!solution!of!the!product.!Yield!(crude):!0.068!g!(39%).!IR!(KBr,!cmT1):!3052!νaromCH;!2963,!2921,!2848!νCH;!1579!νaromCC.!NMR!(CDCl3,!298!K)!1H:!δH!=!1.26T1.91!(set!of!multiplets,!48!H,!
CHAPTER!5.!EXPERIMENTAL! 170!C6H11!and!CH2(C4H8O)),!2.64!(br,!4H,!OCH2(C4H8O)!or!C6H11),!4.24!(br,!4H,!PCH2N),!6.71!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.31T7.38!(m,!4H,!naphCH).!13C{1H}:!δC!=!26.2!(C6H11),!27.4!(tv,!C6H11,!JPC!=!5!Hz),!27.7!(tv,!C6H11,!JPC!=!6!Hz),!28.7,!28.9!(C6H11),!34.6!(tv,!C6H11,!JPC!=!10!Hz),!34.9,!37.3!(C6H11!or!C4H8O),!52.3!(tv,!PCH2,!1,3JPC!=!14!Hz),!105.3!(naphCH),!118.7(4C(naph)),!120.5,!128.1!(naphCH),!134.4,!134.9!(4C(naph)).!HMBC:!
δC(δH)!=!224.7(4.24)!(RuC).!31P{1H}:!δP!=!34.6.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!725.6![M!–!THF!–!Cl]+.!Anal.!Found:!C,!60.03;!H,!8.44;!N,!3.06%.!Calcd.!for!C45H70Cl2N2O2P2Ru:!C,!59.72;!H,!7.80;!N,!3.10%.!Crystal1data1for!C41H62Cl2N2OP2Ru:!Mr!=!832.88,!monoclinic,!
C2/c,!a!=!24.8338(2)!Å,!b1=!15.2417(1)!Å,!c1=!23.7802(2)!Å,!β!=90.5012(5)°,!V1=!9000.68(12)!Å3,!Z1=!8,!Dx!=!1.229!Mg!m−3,!μ(Mo!Kα)!=!0.57!mmT1,!T1=!200(2)!K,!orange!block,!0.26!x!0.19!x!0.17!mm,!10316!independent!reflections.!F21refinement,!R1=!0.034,!
wR1=!0.084!for!8765!reflections!(I1>12σ(I),12θmax!=!55°),!497!parameters.!!
Synthesis!of![Cl2(CO)Ru(CyPCNHCP)]!(3.4b)!The!crude!mixture!of![Cl2(C4H8O)Ru(CyPCNHCP)]!(containing![Cl2(PPh3)Ru(CyPCNHCP)]!(0.061!g,!0.071!mmol!approximately)!was!dissolved!in!DCM!(2!mL),!and!the!solution!frozen!using!liquid!nitrogen.!The!atmosphere!in!the!flask!was!evacuated!and!replaced!with!carbon!monoxide!(three!times).!The!flask!was!allowed!to!warm!to!ambient!temperature,!causing!the!orange!solution!to!become!pale!yellow,!with!some!precipitate!forming.!The!solvent!was!removed!under!reduced!pressure,!and!NMR!data!showed!100%!conversion!to!the!desired!product.!The!residue!was!washed!with!nThexane,!then!dried!in1vacuo.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!
nThexane!into!a!DCM!solution!of!the!product.!Yield:!0.046!g!(approximately!82%).!IR!(KBr,!cmT1):!2927,!2851!νCH;!1978!νCO;!1584!νaromCC.!IR!(DCM,!cmT1):!1974!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!1.27T2.05!(set!of!multiplets,!40H,!C6H11),!2.59!(m,!4H,!C6H11),!4.54!(br,!4H,!PCH2N),!6.83!(dd,!2H,!naphCH,!3JHH!=!6!Hz,!4JHH!=!2!Hz),!7.36T7.43!(set!of!multiplets,!4H,!naphCH).!13C{1H}:!δC!=!26.1!(C6H11),!27.3!(tv,!C6H11,!JPC!=!6!Hz),!27.7!(tv,!C6H11,!JPC!=!6!Hz),!28.9,!29.2!(C6H11),!31.7!(C6H11),!34.3!(tv,!C6H11,!JPC!=!11!Hz),!54.7!(tv,!PCH2,!1,3JPC!=!14!Hz),!106.9!(naphCH),!120.4(4C(naph)),!121.8,!128.2!(naphCH),!134.3,!134.6!(4C(naph)),!205.5!(CO),!223.8!(RuCcarbene)!(due!to!poor!signal!to!noise!any!coupling!of!the!latter!two!resonances!could!not!be!unambiguously!identified).!31P{1H}:!
δP!=!47.3.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!794.6![M!–!Cl!+!MeCN]+,!752.8![M!–!Cl]+,!
CHAPTER!5.!EXPERIMENTAL! 171!718.8![M!–!2Cl]+.!Accurate!Mass:!Found!794.2710![M!–!Cl!+!MeCN],!Calcd.!for!C40H5735Cl14N316O31P2102Ru!794.2709.!Anal.!Found:!C,!55.29;!H,!6.90;!N,!3.55%.!Calcd!for!C38H54Cl2N2OP2Ru.0.5(CH2Cl2):!C,!55.63;!H,!6.67;!N,!3.37%!(The!presence!of!DCM!was!confirmed!by!1H!NMR!integrals!and!by!crystallography.!This!was!excluded!from!the!crystal!structure!using!Platon!Squeeze!due!to!a!high!degree!of!disorder).!Crystal1
data1for1C38H54Cl2N2OP2Ru:!Mr!=!788.78,!triclinic,!P1–1,1a!=!12.3266!(3)!Å,!b!=!13.0965(4)!Å,!c1=!13.1070(2)!Å,!α!=!101.8398(15)°,!β1=!101.5746(15)°,!γ1=!95.3264(12)°,!V1=!2008.89(9)!Å3,!Z!=!2,!Dx!=!1.304!Mg!m−3,!μ(Mo!Kα)!=!0.63!mmT1,!T!=!200(2)!K,!yellow!block,!0.21!x!0.18!x!0.12!mm,!9180!independent!reflections.!F2!refinement,!R!=!0.043,!wR!=!0.107!for!6886!reflections!(I1>12σ(I),12θmax!=!55°),!415!parameters.!!! Slow!diffusion!of!nThexane!into!a!CDCl3!solution!of!the!product!yielded!a!small!number!of!XTray!quality!crystals!of!the!compound![Cl(CO)(PPh3)Ru(CyPCNHCP)][Cl]!([3.5b]Cl),!which!was!not!detected!in!the!bulk!sample!by!NMR!spectroscopy.!Crystal1
data1for1C56H69ClN2OP3Ru.2(CHCl3).Cl:!Mr!=!1289.83,!monoclinic,!P21/c,1a!=!21.3372(3)!Å,!b!=!10.7621(1)!Å,!c1=!29.9142(5)!Å,!β1=!93.0438(7)°,!V1=!6859.60(16)!Å3,!Z!=!4,!Dx!=!1.249!Mg!m−3,!μ(Mo!Kα)!=!0.65!mmT1,!T!=!200(2)!K,!pale!yellow!lath,!0.26!x!0.10!x!0.03!mm,!12019!independent!reflections.!F2!refinement,!R!=!0.064,!wR!=!0.131!for!9139!reflections!(I1>12σ(I),12θmax!=!50°),!658!parameters.!!
Synthesis!of![Cl2(CNMes)Ru(CyPCNHCP)]!(3.6b)!The!crude!mixture!of![Cl2(C4H8O)Ru(CyPCNHCP)]!(containing![Cl2(PPh3)Ru(CyPCNHCP)]!(0.092!g,!0.11!mmol!approximately)!was!dissolved!in!THF!(5!mL)!and!mesityl!isocyanide!(0.032!g,!0.22!mmol)!added!with!stirring.!The!orange!solution!instantly!became!dark!yellow.!The!solvent!was!removed!under!reduced!pressure,!and!NMR!data!showed!100%!conversion!to!the!desired!product.!The!residue!was!suspended!in!DCM!and!n,hexane!added.!The!solid!product!was!separated!from!the!supernatant!via!cannula!filtration.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!n,hexane!into!a!chloroform!solution!of!the!product.!Yield:!0.074!g!(approximately!76%).!IR!(KBr,!cmT1):!2924,!2850!νCH;!2085,!2042!νC≡N;!1582!νaromCC.!IR!(DCM,!cmT1):!2088!νC≡N.!NMR!(CDCl3,!298!K)!1H:!δH!=!1.23T2.10!(set!of!multiplets,!40H,!C6H11),!2.29!(s,!3H,!pT
CHAPTER!5.!EXPERIMENTAL! 172!MesCH3),!2.47!(s,!6H,!oTMesCH3),!2.62!(br,!4H,!C6H11),!4.50!(s,!4H,!PCH2N),!6.80!(dd,!2H,!naphCH,!3JHH!=!6!Hz,!4JHH!=!2!Hz),!6.91!(s,!2H,!mTMesCH),!7.35!(m,!4H,!naphCH).!13C{1H}:!δC!=!19.0!(oTMesCH3),!21.3!(pTMesCH3),!26.2!(C6H11),!27.4!(tv,!C6H11,!JPC!=!6!Hz),!27.7!(tv,!C6H11,!JPC!=!6!Hz),!28.9,!29.2!(C6H11),!34.6!(tv,!C6H11,!JPC!=!11!Hz),!54.8!(tv,!PCH2,!1,3JPC!=!14!Hz),!106.3!(naphCH),!119.9!(4C(naph)),!120.8!(naphCH),!126.8!(4C(arom)),!128.0,!128.4!(aromCH),!134.1,!134.5,!134.7,!136.6!(4C(arom)),!172.8!(t,!RuC≡N,!2JPC!=!12!Hz),!229.2!(t,!RuCcarbene,!2JPC!=!8!Hz).!31P{1H}:!δP!=!45.6.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!911.7![M!–!Cl!+!MeCN]+,!870.7![M!–!Cl]+.!Accurate!Mass:!Found!911.3657![M!–!Cl!+!MeCN],!Calcd.!for!C49H6835Cl14N431P2102Ru!911.3651.!Anal.!Found:!C,!62.59;!H,!7.40;!N,!4.84%.!Calcd!for!C47H65Cl2N3P2Ru:!C,!62.31;!H,!7.23;!N,!4.64%.!
Crystal1data1for!C47H65Cl2N3P2Ru.0.5(C6H14):!Mr!=!949.06,!triclinic,!P1–1,1a!=!12.1895(3)!Å,!b!=!13.3031(4)!Å,!c1=!17.2277(6)!Å,!α!=!104.6407(16)°,!β1=!105.8871(17)°,!γ1=!103.3678(18)°,!V1=!2460.49(14)!Å3,!Z!=!2,!Dx!=!1.281!Mg!m−3,!μ(Mo!Kα)!=!0.53!mmT1,!T!=!200(2)!K,!yellow!lath,!0.17!x!0.08!x!0.03!mm,!11695!independent!reflections.!F2!refinement,!R!=!0.062,!wR!=!0.107!for!8763!reflections!(I1>12σ(I),12θmax!=!56°),!523!parameters.!
!
Synthesis!of![Cl(Ph)(CO)Ru(CyPNP)]!(3.7b)!A!mixture!of![RuCl(Ph)(CO)(PPh3)2]!(1.20!g,!1.57!mmol)!and!CyDHP!(0.925!g,!1.57!mmol)!in!THF!(100!mL)!was!stirred!for!two!hrs.!The!resulting!orange!solution!was!freed!of!volatiles!under!reduced!pressure.!The!residue!was!partially!dissolved!in!toluene!(100!mL)!and!n,hexane!(50!mL)!added!to!the!solution.!The!resulting!pale!yellow!precipitate!was!separated!from!the!supernatant!via!cannula!filtration.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!diethyl!ether!into!a!DCM!solution!of!the!product.!Yield:!1.03!g!(79%).!IR!(KBr,!cmT1):!3040!νaromCH;!2923,!2853!νCH;!1913!
νCO;!1595,!1586,!1447!νaromCC.!IR!(THF,!cmT1):!1911!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!0.90T2.25!(set!of!multiplets,!42H,!C6H11),!2.97!(br,!2H,!C6H11),!4.01!(d,!1H,!NCH2N,!2JHH!=!11!Hz),!4.57!(d,!2H,!PCH2,!2JHH!=!14!Hz),!4.67!(d,!2H,!PCH2,!2JHH!=!14!Hz),!5.91!(d,!1H,!NCH2N,!2JHH!=!10!Hz),!6.55T6.66!(m,!3H,!C6H5),!7.08!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.44!(dd,!2H,!naphCH,!3JHH!=!8!Hz,!3JHH!=!8!Hz),!7.56!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.81!(d,!2H,!C6H5,!3JHH!=!8!Hz).!13C{1H}:!δC!=!26.5!(C6H11),!27.6T28.0!(m,!C6H11),!29.6,!29.7,!30.1!(C6H11),!30.7!(C6H11),!35.4!(tv,!C6H11,!JPC!=!8!Hz),!37.3!(C6H11),!40.4!(tv,!C6H11,!JPC!=!6!
CHAPTER!5.!EXPERIMENTAL! 173!Hz),!52.1!(m,!PCH2),!72.2!(m,!NCH2N),!112.2,!119.5,!122.6,!125.3,!126.0,!134.8,!141.5,!145.9!(C6H5!and!naph).!Some!4C!resonances!and!the!CO!resonance!could!not!be!unambiguously!identified!due!to!poor!signal!to!noise.!31P{1H}:!δP!=!16.7.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!855.7![M!+!Na]+,!832.4![M]+,!797.9![M!–!Cl]+,!769.6![M!–!Cl!–!CO]+,!719.7![M!–!Cl!–!Ph]+.!Accurate!Mass:!Found!797.3311![M!–!Cl]+,!Calcd.!for!C44H6114N216O31P2102Ru!797.3303.!Anal.!Found:!C,!63.33;!H,!7.55;!N,!3.21%.!Calcd!for!C44H61ClN2OP2Ru:!C,!63.49;!H,!7.39;!N,!3.37%.!Crystal1data1for!C44H61ClN2OP2Ru:!Mr!=!832.45,!monoclinic,!P21/n1,+a!=!10.1802(1)!Å,!b1=!25.0778(3)!Å,!c1=!15.6446(2)!Å,!β!=90.1356(8)°,!V1=!3994.01(8)!Å3,!Z1=!4,!Dx!=!1.384!Mg!m−3,!μ(Mo!Kα)!=!0.58!mmT1,!T1=!200(2)!K,!pale!yellow!prism,!0.22!x!0.10!x!0.10!mm,!9038!independent!reflections.!F2!refinement,!R1=!0.037,!wR1=!0.084!for!7247!reflections!(I1>12σ(I),12θmax!=!55°),!460!parameters.!!
Synthesis!of![Cl(trans.CH=CHPh)(CO)Ru(CyPNP)]!(3.8b)!A!solution!of![RuCl{trans,CH=CH(Ph)}(CO)(PPh3)2]!(0.200!g,!0.252!mmol)!and!CyDHP!(0.149!g,!0.252!mmol)!in!THF!(15!mL)!was!stirred!for!two!hrs.!The!resulting!yellow!solution!was!freed!of!volatiles!under!reduced!pressure.!The!residue!was!washed!several!times!with!nThexane!and!ethanol,!then!dried!in1vacuo.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!diethyl!ether!into!a!DCM!solution!of!the!product.!Yield:!0.171!g!(90%).!IR!(KBr,!cmT1):!3052!νaromCH;!2926,!2852!νCH;!1921!νCO;!1595,!1586,!1448!νaromCC.!IR!(DCM,!cmT1):!1915!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!0.95T2.19!(set!of!multiplets,!42H,!C6H11),!2.76!(br,!2H,!C6H11),!4.08!(d,!1H,!NCH2N,!2JHH!=!10!Hz),!4.48!(d,!2H,!PCH2N,!2JHH!=!15!Hz),!4.64!(d,!2H,!PCH2,!2JHH!=!15!Hz),!5.77!(d,!1H,!NCH2N,!2JHH!=!10!Hz),!6.24!(d,!1H,!RuC=CH,!3JHH!=!16!Hz),!6.85!(t,!1H,!C6H5,!3JHH!=!7!Hz),!7.05T7.14!(m,!6H,!C6H5!and!naphCH),!7.44!(dd,!2H,!naphCH,!3JHH!=!7!Hz,!3JHH!=!8!Hz),!7.56!(d,!2H,!naphCH,!3JHH!=!8!Hz),!8.63!(d,!1H,!RuCH=C,!3JHH!=!17!Hz).!13C{1H}:!δC!=!26.4,!26.5!(C6H11),!27.5T28.1!(series!of!multiplets,!C6H11),!29.2,!29.3,!30.5!(C6H11),!31.0!(C6H11),!35.3!(tv,!C6H11,!JPC!=!8!Hz),!37.4!(C6H11),!40.6!(tv,!C6H11,!JPC!=!6!Hz),!52.4!(tv,!PCH2,!1,3JPC!=!9!Hz),!72.3!(m,!NCH2N),!112.2,!119.3,!122.6,!122.7,!126.0,!128.0,!133.8,!134.7,!141.1,!145.6!(naph,!C6H5!and!RuCH=CH),!157.1!(m,!RuCH=CH).!The!CO!resonance!could!not!be!unambiguously!identified!due!to!poor!signal!to!noise.!31P{1H}:!δP!=!16.6.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!881.7![M!+!Na]+,!858.7![M]+,!823.8![M!–!Cl]+,!719.6![M!–!Cl!–!
CHAPTER!5.!EXPERIMENTAL! 174!HCCH(Ph)]+.!Accurate!Mass:!Found!858.3163![M]+,!Calcd.!for!C46H6335Cl!14N216O31P2102Ru!858.3148.!Anal.!Found:!C,!61.98;!H,!7.32;!N,!3.31%.!Calcd!for!C46H63ClN2OP2Ru.0.5(CH2Cl2):!C,!61.99;!H,!7.16;!N,!3.11%!(The!presence!of!DCM!was!confirmed!by!crystallography,!and!was!only!partially!removed!when!drying!in1vacuo,!as!confirmed!by!1H!NMR!integration).!Crystal1data1for!C46H63ClN2OP2Ru.CH2Cl2:!Mr!=!943.42,!triclinic,!P1–1,1a!=!10.1115(2)!Å,!b1=!13.5800(4)!Å,!c1=!17.8467(5)!Å,!α!=!90.4611(10)°,!β!=100.1491(15)°,!γ!=!108.9571(15)°,!V1=!2275.81(11)!Å3,!Z1=!2,!Dx!=!1.377!Mg!mT3,!μ(Mo!Kα)!=!0.63!mmT1,!T+=!200(2)!K,!pale!yellow!prism,!0.26!x!0.11!x!0.08!mm,!8027!independent!reflections.!F21refinement,!R1=!0.038,!wR1=!0.089!for!6831!reflections!(I1>12σ(I),12θmax!=!50°),!505!parameters.!!
Synthesis!of![HCl(CO)Ru(CyPCNHCP)]!(3.9b)!
Method11:1A!suspension!of![Cl(Ph)(CO)Ru(CyPNP)]!(0.200!g,!0.240!mmol)!in!toluene!(20!mL)!was!heated!to!refluxing!temperature!for!4!days.!The!mixture!was!then!allowed!to!cool!to!ambient!temperature,!and!the!resulting!offTwhite!precipitate!separated!from!the!supernatant!via!cannula!filtration.!The!product!crystallised!readily!from!various!solvent!mixtures!as!plates!that!were!consistently!too!thin!for!XTray!diffraction.!Yield:!0.115!g!(64%).!!
1
Method12:!A!suspension!of![RuHCl(CO)(PPh3)3]!(0.100!g,!1.05!mmol)!and!CyDHP!(0.064!g,!1.08!mmol)!in!toluene!(10!mL)!was!heated!to!refluxing!temperature!for!20!hrs.!The!mixture!was!then!allowed!to!cool!to!ambient!temperature,!and!the!solvent!reduced!to!ca.!5!mL.!The!precipitate!was!separated!from!the!supernatant!via!cannula!filtration!and!washed!with!2T3!mL!nTpentane.!Yield:!0.046!g!(58%).1!IR!(KBr,!cmT1):!2924,!2851!νCH;!1992!νRuH;!1937!νCO;!1583!νaromCC.!IR!(DCM,!cmT1):!1937!
νCO!(νRuH!too!weak!to!be!unambiguously!identified).!NMR!(CDCl3,!298!K)!1H:!δH!=!–16.45!(t,!1H,!RuH,!2JPH!=!19!Hz),!1.19T1.96!(set!of!multiplets,!40H,!C6H11),!2.24!(br!d,!2H,!C6H11,!J!=!12!Hz),!2.54!(br,!2H,!C6H11),!4.13!(d,!2H,!PCH2,!2JHH!=!13!Hz),!4.41!(d,!2H,!PCH2,!2JHH!=!13!Hz),!6.74!(dd,!2H,!naphCH,!3JHH!=!4Hz,!3JHH!=!4!Hz),!7.35!(d,!4H,!naphCH,!3JHH!=!4!Hz).!13C{1H}:!δC!=!26.2,!26.3!(C6H11),!26.8T27.1!(m,!C6H11),!27.2!(tv,!C6H11,!JPC!=!5!Hz),!27.8!(tv,!C6H11,!JPC!=!6!Hz),!28.3,!29.6,!29.7!(C6H11),!35.6!(tv,!C6H11,!JPC!=!13!Hz),!36.0!
CHAPTER!5.!EXPERIMENTAL! 175!(tv,!C6H11,!JPC!=!11!Hz),!56.9!(tv,!PCH2,!1,3JPC!=!13!Hz),!106.5!(naphCH),!119.5!(4C(naph)),!121.2,!128.1!(naphCH),!134.1!(tv,!C1,8(naph),!3,5JPC!=!4!Hz),!134.4!(4C(naph)),!207.8!(t,!RuCO,!2JPC!=!11!Hz),!225.9!(t,!RuCcarbene,!2JPC!=!8!Hz).!31P{1H}:!δP!=!61.4.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!760.3![M!–!Cl!+!MeCN]+,!719.3![M!–!Cl]+.!Accurate!Mass:!Found!719.2832![M!–!Cl]+,!Calcd.!for!C38H5514N216O31P2102Ru.!Anal.!Found:!C,!60.51;!H,!7.38;!N,!3.81%.!Calcd!for!C38H55ClN2OP2Ru:!C,!60.51;!H,!7.35;!N,!3.71%.!!!
Synthesis!of![HCl(PPh3)Os(PhPCNHCP)]!!(3.10a/3.10a1)!
Isomer!3.10a:!A!mixture!of![OsCl2(PPh3)3]!(0.100!g,!0.0954!mmol)!and!PhDHP!(0.054!g,!0.095!mmol)!in!DCM!(10!mL)!was!stirred!for!30!min.!The!volatiles!were!then!removed!under!reduced!pressure!and!the!residue!chromatographed!on!alumina!using!20%!mixture!of!THF!in!nThexane!as!eluent.!The!THF!concentration!was!then!increased!to!50%!to!elute!a!yellow!band,!which!was!collected!and!the!solvent!removed!under!reduced!pressure.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!n,hexane!into!a!DCM!solution!of!the!product.!Yield:!0.053!g!(53%).!IR!(KBr,!cmT1):!3046!νaromCH;!2958,!2923,!2848!νCH;!2100!νOsH;!1580,!1431!νaromCC.!NMR!(CDCl3,!298!K)!1H:!δH!=!–18.46!(dt,!1H,!OsH,!2JPH!=!17!Hz,!2JPH!=!17!Hz),!4.69!(d,!2H,!PCH2N,!2JHH!=!13!Hz),!5.17!(d,!2H,!PCH2N,!2JHH!=!13!Hz),!6.70T7.77!(series!of!multiplets,!41H,!naphCH!and!C6H5).!13C{1H}:!δC!=!63.6!(m,!PCH2),!106.0,!119.8!(naphCH),!127.2!(d,!C6H5,!JPC!=!9!Hz),!127.8!(tv,!C6H5,!JPC!=!5!Hz),!128.1!(tv,!C6H5,!JPC!=!5!Hz),!128.3!(C6H5),!129.4!(d,!C6H5,!JPC!=!15!Hz),!133.5!(tv,!C6H5,!JPC!=!6!Hz),!134.3T134.6!(m,!C6H5!and!naph),!137.0,!137.8,!140.1,!140.5!(C6H5!and!naph).!HMBC:!δC(δH)!=!211.0(–18.45)!(OsCcarbene).!31P{1H}:!δP!=!5.2!(m,!PPh3),!11.8!(d,!PPh2,!2JPP!=!18!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!1053.6![M!–!H]+,!1017.8![M!–!H!–!Cl]+.!Accurate!Mass:!Found!1053.2115![M!–!H]+,!Calcd.!for!C55H4535Cl14N2192Os31P3!1053.2099.!Crystal1data1for1C55H46ClN2OsP3:!Mr!=!1053.56,!triclinic,!P1–1,1a!=!10.3466(11)!Å,!b!=!12.5221(12)!Å,!c1=!20.2101(18)!Å,!α!=!82.067(5)°,!β1=!83.655(7)°,!γ1=!68.642(5)°,!V1=!2410.1(4)!Å3,!Z!=!2,!Dx!=!1.452!Mg!m−3,!
μ(Mo!Kα)!=!0.71!mmT1,!T!=!200(2)!K,!yellow!plate,!0.32!x!0.25!x!0.05!mm,!8334!independent!reflections.!F2!refinement,!R!=!0.065,!wR!=!0.121!for!7147!reflections!(I1>12σ(I),12θmax!=!50°),!563!parameters.!!
Isomer!3.10a1:!Complex!3.10a1,!proposed!to!be!an!isomer!of!3.10a!(see!Section!3.9),!
CHAPTER!5.!EXPERIMENTAL! 176!was!generated!as!in!the!procedure!above!when!the!reaction!was!carried!out!in!THF!(10!mL)!instead!of!DCM.!This!resulted!in!a!mixture!of!3.10a!and!3.10a1.!NMR1data1for1
3.10a1+(C6D6,!298K)!1H:!δH!=!–6.23!(dt,!1H,!OsH,!2JPH!=!85!Hz,!2JPH!=!25!Hz),!4.21!(tv,!4H,!PCH2N,!2,4JPH!=!2!Hz),!6.27!(d,!2H,!naphCH,!3JHH!=!8!Hz),!6.53T8.38!(series!of!multiplets,!aromCH,!A!and!B).!31P{1H}:!δP!=!–3.9!(t,!PPh3,!2JPP!=!13!Hz),!0.1!(d,!PPh2,!2Jpp!=!13!Hz).!!
Synthesis!of![HCl(PPh3)Os(CyPCNHCP)]!(3.10b/3.10b1)!A!mixture!of![OsCl2(PPh3)3]!(0.150!g,!0.143!mmol)!and!CyDHP!(0.085!g,!0.14!mmol)!in!benzene!(15!mL)!was!stirred!for!30!min.!The!yellowishTbrown!mixture!was!filtered!via!cannula,!and!the!filtrate!freed!of!volatiles!under!reduced!pressure.!The!residue!was!chromatographed!on!silica!gel!using!first!benzene!to!elute!undesired!side!products,!then!THF!to!elute!a!broad!yellow!band,!which!was!freed!of!volatiles!to!afford!the!product!as!a!yellow!powder.!All!NMR!spectra!of!the!product!showed!peaks!for!at!least!two!different!species!(3.10b/3.10b1),!which!was!deemed!to!be!due!to!isomerisation!in!solution!(see!Section!3.9!for!discussion).!XTray!quality!crystals!of!
3.10b!were!obtained!by!slow!diffusion!of!diethyl!ether!into!a!DCM!solution!of!the!product.!Yield!(both!isomers):!0.088!g!(57%).!NMR!(C6D6,!298!K)!1H:!δH!=!–18.61!(dt,!1H,!OsH(3.10b),!2JPH!=!16!Hz,!2JPH!=!16!Hz),!–6.82!(dt,!1H,!OsH(3.10b1),!2JPH!=!88!Hz,!2JPH!=!26!Hz),!1.12T2.89!(series!of!multiplets,!C6H11),!3.18!(d,!2H,!PCH2N(3.10b1),!2JHH!=!13!Hz),!3.79!(d,!2H,!PCH2N(3.10b1),!2JHH!=!13!Hz),!3.87!(d,!2H,!PCH2N(3.10b),!2JHH!=!12!Hz),!4.54!(d,!2H,!PCH2N(3.10b),!2JHH!=!13!Hz),!6.18!(d,!2H,!naphCH(3.10b1),!3JHH!=!8!Hz),!6.61!(d,!2H,!naphCH(3.10b),!3JHH!=!7!Hz),!6.73T8.28,!(series!of!multiplets,!aromCH).!31P{1H}:!δP!=!–10.8!(m,!PPh3(3.10b1)),!1.2!(d,!PCy2(3.10b1),!2JPP!=!11!Hz),!3.2!(t,!PPh3(3.10b),!2JPP!=!17!Hz),!15.9!(d,!PCy2(3.10b),!2JPP!=!17!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!1084.5![M!–!Cl!+!MeCN]+,!1043.4![M!–!Cl]+.!Accurate!Mass:!Found:!1043.4390![M!–!Cl]+,!Calcd.!for!C55H7014N2192Os31P3!1043.4367.!Anal.!Found:!C,!61.98;!H,!6.10;!N,!2.44%.!Calcd.!for:!C55H70ClN2OsP3,!61.30;!H,!6.55;!N,!2.60%.!Crystal1data1for1C55H70ClN2OsP3.CH2Cl2:!Mr!=!1162.68,!orthorhombic,!Pnma,1a!=!20.2271(3)!Å,!b!=!19.8350(2)!Å,!c1=!14.1997(2)!Å,!V1=!2410.1(4)!Å3,!Z!=!4,!Dx!=!1.355!Mg!mT3,!μ(Mo!Kα)!=!2.50!mmT1,!T!=!200(2)!K,!yellow!prism,!0.22!x!0.09!x!0.08!mm,!6711!independent!reflections.!F2!refinement,!R!=!0.058,!wR!=!0.150!for!5499!reflections!(I1>12σ(I),12θmax!=!55°),!341!parameters.!
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Synthesis!of![ClRh(PhPCNHCP)]!(4.1a)!A!solution!of![RhCl(PPh3)3]!(0.200!g,!0.216!mmol)!and!PhDHP!(0.122!g,!0.215!mmol)!in!THF!(20!mL)!was!stirred!for!21!hrs.!The!suspension!was!concentrated!to!approximately!10!mL,!and!the!orange!precipitate!separated!from!the!supernatant!via!cannula!filtration.!The!product!was!washed!with!diethyl!ether!(5!mL),!and!dried!in1
vacuo.!XTray!quality!crystals!of!the!product!were!obtained!from!THF!and!nThexane,!and!slow!diffusion!of!n,hexane!into!a!toluene!solution!of!the!product!yielded!crystals!of!its!toluene!solvate.!Yield:!0.126!g!(83%).!IR!(KBr,!cmT1):!3051!νaromCH;!1579,!1434!
νaromCC.!NMR!(C6D6,!298!K)!1H:!δH!=!4.14!(tv,!4H,!PCH2N,!2,4JPH!=!2!Hz),!6.07!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.02T8.14!(set!of!multiplets,!24H,!C6H5!and!naphCH).!13C{1H}:!Solubility!problems!have!precluded!the!acquisition!of!satisfactory!13C!NMR!data.!31P{1H}:!δP!=!22.9!(d,!1JRhP!=!153!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!667.4![M!–!Cl]+.!Accurate!Mass:!Found!667.0939![M!–!Cl]+,!Calcd.!for!C37H3014N231P2103Rh!667.0939.!Anal.!Found:!C,!61.67;!H,!4.16;!N,!3.65%.!Calcd.!for:!C37H30ClN2P2Rh.H2O,!61.64;!H,!4.47;!N,!3.89%.!Crystal1data1for!C37H30ClN2P2Rh:!Mr!=!702.96,!monoclinic,!P21/c,!a!=!12.1165(3)!Å,!b1=!13.8127(4)!Å,!c1=!18.5557(6)!Å,!β!=97.9734(17)°,!V1=!3075.49(15)!Å3,!Z1=!4,!Dx!=!1.518!Mg!m−3,!μ(Mo!Kα)!=!0.78!mmT1,!T1=!200(2)!K,!orange!block,!0.15!x!0.11!x!0.08!mm,!5429!independent!reflections.!F21refinement,!R1=!0.039,!wR1=!0.090!for!4312!reflections!(I1>12σ(I),12θmax!=!50°),!388!parameters.1Crystal1data1for!C37H30ClN2P2Rh.C7H8:!Mr!=!795.10,!monoclinic,!P21/c,!a!=!13.5539(2)!Å,!b1=!13.2397(2)!Å,!c1=!21.4911(4)!Å,!β!=97.5814(11)°,!V1=!3822.86(11)!Å3,!Z1=!4,!Dx!=!1.381!Mg!m−3,!
μ(Mo!Kα)!=!0.63!mmT1,!T1=!200(2)!K,!orange!prism,!0.48!x!0.13!x!0.10!mm,!8755!independent!reflections.!F21refinement,!R1=!0.047,!wR1=!0.098!for!6459!reflections!(I1>12σ(I),12θmax!=!55°),!563!parameters. !
Intermediate!complex:!The!starting!materials!in!the!above!reaction!were!completely!consumed!after!one!hr!to!give!an!intermediate!complex!that!gradually!converted!to!the!final!product.!NMR!(C6D6,!298!K)!1H:!δH!=!–17.57!!(m,!1H,!RhH),!3.95!(dtv,!2H,!PCH2N,!2JHH!=!13!Hz,!2,4JPH!=!4!Hz),!4.83!(br!d,!2H,!PCH2N,!2JHH!=!13!Hz),!6.01!(d,!2H,!naphCH,!3JHH!=!8!Hz),!6.62T7.94!(set!of!multiplets,!C6H5!and!naphCH).!31P{1H}:!δP!=!17.9!(dt,!1JRhP!=!83!Hz,!2JPP!=!24!Hz)!61.3!(dd,!1JRhP!=!133!Hz,!2JPP!=!24!Hz).!ESITMS!(+ve!Ion,!
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Synthesis!of![ClRh(CyPCNHCP)]!(4.1b)!A!solution!of![RhCl(PPh3)3]!(0.100!g,!0.108!mmol)!and!CyDHP!(0.064!g,!0.11!mmol)!in!THF!(10!mL)!was!stirred!for!1.5!hrs.!The!suspension!was!concentrated!to!approximately!3!mL,!and!diethyl!ether!(2!mL)!added.!The!orange!precipitate!was!separated!from!the!supernatant!via!cannula!filtration.!The!product!was!washed!with!a!further!3!mL!diethyl!ether!and!dried!in1vacuo.!XTray!quality!crystals!of!the!product!were!obtained!from!slow!diffusion!of!nThexane!into!a!THF!solution.!Yield:!0.073!g!(93%).!IR!(KBr,!cmT1):!2921,!2849!νCH;!1580!νaromCC.!NMR!(C6D6,!298!K)!1H:!δH!=!1.22T2.47!(series!of!multiplets,!44H,!C6H11),!3.58!(br!s,!4H,!PCH2N),!6.33!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.27!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.41!(m,!2H,!naphCH).!HSQC:!δC(δH)!=!26.4(1.53),!26.6(1.75)!26.8(1.18),!27.0(1.70),!28.7(1.68),!28.8(2.44),!28.9(2.41),!33.6(2.14),!33.7(2.12)!(C6H11),!50.8(3.59),!50.9(3.56)!(PCH2),!105.7(6.32),!119.4(7.25),!128.2(7.28)!(naphCH).!HMBC:!δC(δH)!=!117.3(6.35),!117.3(7.27),!(4C(naph)),!206.7(3.59)!(RhC).!The!remaining!naphCH!resonances!could!not!be!unambiguously!identified!due!to!poor!signal!to!noise.!31P{1H}:!δP!=!38.3!(d,!1JRhP!=!148!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!726.3![M]+.!Accurate!Mass:!Found!726.2505![M]+,!Calcd.!for!C37H5435Cl14N231P2103Rh!726.2506.!Anal.!Found:!C,!61.08;!H,!7.50;!N,!3.60%.!Calcd!for!C37H54ClN2P2Rh:!C,!61.12;!H,!7.48;!N,!3.85%.!Crystal+data1for!C37H54ClN2P2Rh:!
Mr!=!727.15,!trigonal,!R3c,!a!=!26.6194(4)!Å,!c!=!27.2200(5)!Å,!V1=!16703.8(5)!Å3,!Z!=18,!Dx!=!1.301!Mg!m−3,!μ(Mo!Kα)!=!0.65!mmT1,!T1=!200(2)!K,!orange!block,!0.20!x!0.17!x!0.14!mm,!3312!independent!reflections.!F21refinement,!R1=!0.050,!wR1=!0.110!for!2736!reflections!(I1>12σ(I),12θmax!=!50°),!197!parameters.+!!
Reactions!of![ClRh(RPCNHCP)]!with!O2!A!suspension!of![ClRh(RPCNHCP)]!in!C6D6!was!exposed!to!air!for!24!hrs.!
R!=!Ph,!proposed!complex!4.2a:!NMR!(C6D6,!298!K)!1H:!δH!=!4.71!(d,!PCH2N,!2JPH!=!5!Hz),!6.88T8.11!(set!of!multiplets,!C6H5!and!naphCH).!31P{1H}:!δP!=!27.7.!
R!=!Cy,!proposed!complex!4.2b:!IR!(KBr,!cmT1):!2920,!2850!νCH;!1583!νaromCC,!863!νO2!(tentative).!NMR!(C6D6,!298!K)!1H:!δH!=!3.74!(br!d,!2H,!PCH2N,!2JHH!=!14!Hz),!4.11!(br!d,!2H,!PCH2N,!2JHH!=!13!Hz),!6.21!(d,!2H,!naphCH,!3JHH!=!8!Hz)!(other!peaks!could!not!be!
CHAPTER!5.!EXPERIMENTAL! 179!unambiguously!assigned!due!to!impurities).!31P{1H}:!δP!=!29.9!(d,!1JRhP!=!102!Hz).!ESITMS!(+ve!Ion,!MeCN):!m/z!=!723.7![M!–!Cl]+.!
!
Reaction!of![ClRh(CyPCNHCP)]!(4.1b)!with!MeI!A!suspension!of![ClRh(CyPCNHCP)]!(0.074!g,!0.10!mmol)!in!benzene!(10!mL)!was!treated!with!MeI!(0.01!mL,!0.2!mmol),!and!the!reaction!monitored!by!31P!NMR!spectroscopy.!After!20!min!the!spectrum!showed!one!major!resonance!at!δP!=!19.3!(C6D6,!1JRhP!=!101!Hz).!The!solvent!was!then!reduced!in1vacuo1to!ca.!4!mL,!and!the!resulting!precipitate!separated!from!the!supernatant!via!cannula!filtration.!However,!both!the!filtrate!and!precipitate!showed!a!significant!proportion!of!side!products.!Proposed!formulations!4.3b,!4.3b1,!4.4b!and!4.4b1!of!the!products!are!discussed!in!Section!4.4.!NMR!(C6D6,!298!K)!31P{1H}:!δP!=!19.3!(C6D6,!1JRhP!=!101!Hz),!19.5!(1JRhP!=!100!Hz),!24.7!(1JRhP!=!103!Hz),!25.3!(1JRhP!=!101!Hz).!!
Synthesis!of![Cl2(CH2Cl)Rh(CyPCNHCP)]!(4.5b)!A!solution!of![ClRh(CyPCNHCP)]!(0.078!g,!0.108!mmol)!in!DCM!(5!mL)!was!heated!to!refluxing!temperature!for!20!hrs.!The!solution!was!then!allowed!to!cool!to!ambient!temperature!and!3!mL!ethanol!was!added.!This!solution!was!concentrated!under!reduced!pressure!until!a!precipitate!formed,!which!was!separated!from!the!supernatant!via!cannula!filtration,!washed!with!a!further!3!mL!ethanol,!and!dried!in1
vacuo.!Yield:!0.065!g!(74%).!IR!(KBr,!cmT1):!2962,!2926,!2851!νCH;!1584!νaromCC.!NMR!(CDCl3,!298!K)!1H:!δH!=!1.35T3.21!(set!of!multiplets,!44H,!C6H11),!4.45!(m,!6H,!PCH2!and!CH2Cl),!6.83!(d,!2H,!naphCH,!3JHH!=!7!Hz),!7.39!(dd,!2H,!naphCH,!3JHH!=!7!Hz,!3JHH!=!8!Hz),!7.46!(d,!2H,!naphCH,!3JHH!=!8!Hz).!13C{1H}:!δC!=!26.4,!26.5!(C6H11),!27.5T28.0!(set!of!multiplets,!C6H11),!29.2,!29.5,!29.7,!29.8!(C6H11),!35.9!(tv,!C6H11,!JPC!=!10!Hz),!36.6!(tv,!C6H11,!JPC!=!11!Hz),!37.2!(dt,!RhCH2Cl,!1JRhC!=!30!Hz,!2JPC!=!8!Hz),!52.0!(tv,!PCH2,!1,3JPC!=!14!Hz),!107.3!(naphCH),!119.5(4C(naph)),!122.3,!128.2!(naphCH),!134.3(4C(naph)),!134.4!(tv,!C1,8(naph),!3,5JPC!=!4!Hz),!205.8!(dt,!RhCcarbene,!1JRhC!=!50!Hz,!2JPC!=!5!Hz).!31P{1H}:!δP!=!22.1!(d,!1JRhP!=!99!Hz).!NMR!(C6D6,!298!K)!1H:!δH!=!1.04T3.58!(set!of!multiplets,!44H,!C6H11),!4.24!(d,!2H,!PCH2,!2JHH!=!14!Hz),!4.31!(d,!2H,!PCH2,!2JHH!=!14!Hz),!4.93(td,!CH2Cl,!3JPH!=!7!Hz,!2JRhH!=!2!Hz),!6.29!(d,!2H,!naphCH,!3JHH!=!8!Hz),!6.98T7.12!(set!of!multiplets,!4H,!naphCH).!31P{1H}:!δP!=!21.5!(d,!1JRhP!=!99!Hz).!ESITMS!(+ve!
CHAPTER!5.!EXPERIMENTAL! 180!Ion,!MeCN):!m/z!=!775.6![M!–!Cl]+,!741.5![M!–!2Cl]+.!Accurate!Mass:!Found!775.2346![M!–!Cl]+,!Calcd.!for!C38H5635Cl214N231P2103Rh!775.2351.!!
Synthesis!of![Cl(CO)Rh(CyPCNHCP)]!(4.6b,!proposed!formulation)!In!an!NMR!tube,!a!suspension!of![ClRh(CyPCNHCP)]!in!C6D6!was!frozen!using!dry!ice/ethanol.!The!atmosphere!in!the!tube!was!evacuated!and!replaced!with!carbon!monoxide!(three!times),!and!the!solvent!allowed!warm!to!ambient!temperature.!Removal!of!solvent!in1vacuo!resulted!in!reformation!of!the!starting!material![ClRh(CyPCNHCP)],!and!hence!the!product!was!characterised!by!NMR!spectroscopy!under!an!atmosphere!of!carbon!monoxide.!The!infrared!spectrum!was!obtained!by!injecting!the!NMR!solution!into!a!solution!infrared!cell!under!N2.!IR!(benzene,!cmT1):!2000,!1988!νCO!(the!observance!of!two!bands!rather!than!one!is!discussed!in!Section!4.5).!NMR!(C6D6,!298!K)!1H:!δH!=!1.27T2.49!(set!of!multiplets,!44H,!C6H11),!5.25!(br!s,!4H,!PCH2),!7.06T7.62(set!of!multiplets,!6H,!naphCH).!31P{1H}:!δP!=!52.5!(br!d,!1JRhP!=!130!Hz).!
!
Synthesis!of![Cl(η2<CS2)Rh(CyPCNHCP)]!(4.7b)!In!an!NMR!tube,!a!suspension!of![ClRh(CyPCNHCP)]!in!C6D6!was!treated!with!1T2!drops!of!carbon!disulfide.!A!rapid!lightening!of!colour!was!observed!(orange!to!pale!orange).!The!reaction!was!monitored!by!NMR!spectroscopy,!and!conversion!to!the!product!appeared!to!be!complete!after!20!min.!XTray!quality!crystals!were!obtained!upon!standing!of!this!reaction!mixture.!Removal!of!solvent!in1vacuo!resulted!in!reformation!of!the!starting!material![ClRh(CyPCNHCP)],!hence!the!product!was!characterised!by!NMR!spectroscopy!in!the!presence!of!excess!CS2.!NMR!(C6D6,!298!K)!1H:!δH!=!1.11T3.04!(set!of!multiplets,!44H,!C6H11),!4.32!(d,!2H,!PCH2,!2JHH!=!12!Hz),!4.40!(d,!2H,!PCH2,!2JHH!=!12!Hz),!6.27!(d,!2H,!naphCH,!3JHH!=!8!Hz),!6.99!(dd,!2H,!naphCH,!3JHH!=!8!Hz,!3JHH!=!8!Hz),!7.10!(d,!2H,!naphCH,!3JHH!=!8!Hz).!13C{1H}:!δC!=!26.1,!26.3!(C6H11),!27.4T27.8!(set!of!multiplets,!C6H11),!28.0,!28.9,!29.0,!29.6!(C6H11),!34.4!(tv,!C6H11,!JPC!=!10!Hz),!34.9!(tv,!C6H11,!JPC!=!11!Hz),!53.6!(tv,!PCH2,!1,3JPC!=!14!Hz),!107.3!(naphCH),!119.7(4C(naph)),!121.9,!128.5!(naphCH),!134.2!(tv,!C1,8(naph),!3,5JPC!=!10!Hz),!134.8(4C(naph)),!212.8!(d,!RhCcarbene,!1JRhC!=!60!Hz),!260.3!(d,!CS2,!1JRhC!=!12!Hz).!31P{1H}:!δP!=!31.3!(d,!1JRhP!=!103!Hz).!Crystal1data1for1C38H54ClN2P2RhS2·2(C6H6):!Mr!=!959.52,!monoclinic,!P21/c,1a!=!
CHAPTER!5.!EXPERIMENTAL! 181!11.8000(2)!Å,!b!=!26.2914(4)!Å,!c1=!15.6374(3)!Å,!β1=!105.7265(9)°,!V1=!4669.72(14)!Å3,!Z!=!4,!Dx!=!1.365!Mg!m−3,!μ(Mo!Kα)!=!!0.62!mmT1,!T!=!200(2)!K,!pale!orange!block,!0.17!x!0.13!x!0.09!mm,!8227!independent!reflections.!F2!refinement,!R!=!0.056,!wR!=!0.101!for!5295!reflections!(I1>12σ(I),12θmax!=!50°),!559!parameters.!
Synthesis!of![HCl(CO)Ir(CyPCHP)]!(4.8b)!A!solution!of![IrCl(CO)(PPh3)2]!(0.150!g,!0.193!mmol)!and!CyDHP!(0.114!g,!0.192!mmol)!was!stirred!in!THF!(10!mL)!for!1.5!hrs.!The!resulting!suspension!was!concentrated!under!reduced!pressure,!and!the!yellow!precipitate!separated!from!the!supernatant!via!cannula!filtration.!The!precipitate!was!then!stirred!in!nThexane!for!30!min,!and!the!solvent!removed!via!cannula!filtration.!XTray!quality!crystals!were!obtained!by!slow!diffusion!of!nThexane!into!a!THF!solution!of!the!product.!Yield:!0.151!g!(93%).!IR!(KBr,!cmT1):!3054!νaromCH;!2926,!2850!νCH;!2012!νIrH;!1940!νCO;!1588!
νaromCC.!IR!(THF,!cmT1):!2012!νIrH;!1941!νCO.!NMR!(C6D6,!298!K)!1H:!δH!=!–17.90!(t,!1H,!IrH,!2JPH!=!11!Hz),!1.07T1.98!(set!of!multiplets,!40H,!C6H11),!2.62T2.74!(set!of!multiplets,!4H,!C6H11),!3.17!(d,!2H,!PCH2N,!2JHH!=!12!Hz),!4.55!(dtv,!2H,!PCH2N,!2JHH!=!13!Hz,!2,4JPH!=!5!Hz),!5.75!(s,!1H,!NCHN),!6.54!(d,!2H,!naphCH,!3JHH!=!8!Hz),!7.03T7.39!(set!of!multiplets,!4H,!naphCH).!HSQC:!δC(δH)!=!26.3(1.09),!26.8(1.62),!27.0(1.62),!27.6(1.75),!27.7(1.44),!30.0(2.64),!30.1(1.52),!30.9(1.44),!30.9(1.97),!34.8(2.76),!34.9(1.84)!(C6H11),!50.1(4.57),!50.2(3.20)!(PCH2),!87.7(5.77)!(NCHN),!106.0(6.58),!117.7(7.40),!128.2(7.04)!(naphCH).!HMBC:!δC(δH)!=!114.9(6.55),!135.5(7.36),!144.1(7.36)!(4C(naph)).!The!CO!resonance!could!not!be!unambiguously!identified!due!to!poor!signal!to!noise.!31P{1H}:!δP!=!34.7.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!847.7![M!+!H]+,!845.8![M!–!H]+,!811.8![M!–!Cl]+.!Accurate!Mass:!Found!847.3263![M!+!H]+,!Calcd.!for!C38H5735Cl16O14N231P2193Ir!847.3264.!Anal.!Found:!C,!54.60;!H,!6.25;!N,!2.88%.!Calcd.!for:!C38H56ClIrN2OP2,!53.92;!H,!6.67;!N,!3.31%.!!Crystal1data1for1C38H56ClIrN2OP2.C4H8O:!
Mr!=!918.60,!monoclinic,!P21/n,1a!=!15.3069(3)!Å,!b!=!13.9062(4)!Å,!c1=!21.5639(6)!Å,!
β1=!108.3841(13)°,!V1=!4355.8(2)!Å3,!Z!=!4,!Dx!=!1.401!Mg!m−3,!μ(Mo!Kα)!=!!3.24!mmT1,!
T!=!200(2)!K,!pale!yellow!plate,!0.24!x!0.20!x!0.08!mm,!7696!independent!reflections.!
F2!refinement,!R!=!0.039,!wR!=!0.076!for!5573!reflections!(I1>12σ(I),12θmax!=!50°),!451!parameters.!!
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Synthesis!of![HCl(CO)Ir(CyPCNHCP)]Y!([4.9b]Y,!Y!=!PF6,!PO2F2,!SbF6)!
Y!=!PF6:!The!complex![HCl(CO)Ir(2C(H))]!(0.100!g,!0.118!mmol)!and!silver!hexafluorophosphate!(0.030!g,!0.12!mmol)!were!suspended!in!THF!(10!mL)!with!stirring.!After!10!min,!the!yellow!supernatant!was!separated!from!the!grey!precipitate!via!cannula!filtration,!and!the!solvents!removed!under!reduced!pressure.!Crude!yield:!0.082!g!(70%).!NMR!(CDCl3,!298!K)!1H:!δH!=!–17.49!(t,!1H,!IrH,!2JPH!=!11!Hz),!1.33T2.75!(set!of!multiplets,!44H,!C6H11),!4.67!(2!overlayed!doublets,!coupling!obscured,!4H,!PCH2N),!7.13T7.43!(set!of!multiplets,!6H,!naphCH).!31P{1H}:!δP!=!27.3.!
Y!=!PO2F2:![HCl(CO)Ir(CyPCNHCP)]PO2F2!was!generated!by!the!same!method!as![HCl(CO)Ir(CyPCNHCP)]PF6,!though!the!silver!hexafluorophosphate!was!found!to!have!hydrolysed!to!AgPO2F2.!SmallTscale!samples!of!the!pure!product!were!obtained!by!crystallisation!via!slow!diffusion!of!nThexane!into!a!THF!solution.!IR!(KBr,!cmT1):!2928,!2852!νCH;!2184!νIrH;!2046!νCO;!1586!νaromCC.!IR!(DCM,!cmT1):!2189!νIrH;!2067!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!–17.48!(t,!1H,!IrH,!2JPH!=!11!Hz),!1.32T2.13!(set!of!multiplets,!40H,!C6H11),!2.37!(m,!2H,!C6H11),!2.77!(m,!2H,!C6H11),!4.77!(d,!2H,!PCH2N,!2JHH!=!14!Hz),!4.89!(d,!2H,!PCH2N,!2JHH!=!15!Hz),!7.24T7.51!(set!of!multiplets,!6H,!naphCH).!13C{1H}:!δC!=!25.8,!25.8,!25.9,!26.0!(C6H11),!26.2!(tv,!C6H11,!JPC!=!6!Hz),!26.9,!27.3,!27.7,!28.8,!29.6,!29.9!(C6H11),!34.1!(tv,!C6H11,!JPC!=!17!Hz),!35.3!(tv,!C6H11,!JPC!=!15!Hz),!55.5!(m,!PCH2),!109.8!(naphCH),!119.6(4C(naph)),!123.7,!128.9!(naphCH),!132.3,!134.2!(4C(naph)),!172.5!(CO),!190.1!(IrCcarbene).!31P{1H}:!δP!=!27.3.!ESITMS!(+ve!Ion,!MeCN):!m/z1=845.8![M]+,!809.7![M!–!H!–!Cl]+.!Accurate!Mass:!Found!845.3105![M]+,!Calcd.!for!C38H5535Cl16O14N231P2193Ir!845.3108.!Crystal1data1for1C38H55ClIrN2OP2.PF2O2:!Mr!=!946.46,!monoclinic,!C2/c,1a!=!18.8327(2)!Å,!b!=!20.8326(3)!Å,!c1=!24.1535(3)!Å,!β1=!107.8580(8)°,!V1=!9019.7(2)!Å3,!Z!=!8,!Dx!=!1.394!Mg!m−3,!μ(Mo!Kα)!=!!3.17!mmT1,!T!=!200(2)!K,!orange!block,!0.36!x!0.25!x!0.19!mm,!7958!independent!reflections.!F2!refinement,!R!=!0.032,!wR!=!0.085!for!6733!reflections!(I1>12σ(I),12θmax!=!50°),!454!parameters.!
Y!=!SbF6:![HCl(CO)Ir(CyPCNHCP)]SbF6!was!generated!by!the!same!method!as![HCl(CO)Ir(CyPCNHCP)]PF6,!using!0.050!g!(0.059!mmol)!of![HCl(CO)Ir(2C(H))]!and!0.21!g!(0.061!mmol)!of!silver!hexafluoroantimonate!and!stirring!for!one!hr.!Crude!yield:!0.051!g!(81%).!NMR!(CDCl3,!298!K)!1H:!δH!=!–17.47!(t,!1H,!IrH,!2JPH!=!11!Hz),!1.21T2.76!(set!of!multiplets,!44H,!C6H11),!4.66!(2!overlayed!doublets,!coupling!obscured,!4H,!
CHAPTER!5.!EXPERIMENTAL! 183!PCH2N),!7.10!(d,!2H,!naphCH,!3JHH!=!6!Hz),!!7.39T7.57!(set!of!multiplets,!4H,!naphCH).!31P{1H}:!δP!=!27.1.!!
Reaction!of![HCl(CO)Ir(CyPCHP)]!(4.8b)!with!DBU!The!complex![HCl(CO)Ir(CyPCHP)]!(0.100!g,!0.118!mmol)!was!suspended!in!THF!(10!mL)!and!DBU!(0.02mL,!0.13!mmol)!added!via!syringe.!This!was!allowed!to!stirred!for!16!hrs,!after!which!the!solvent!was!removed!under!reduced!pressure.!NMR!spectra!of!the!crude!reaction!mixture!showed!resonances!for!4.8b!and!a!product!4.10b!(60%!and!40%!based!on!1H!NMR!integration).!This!mixture!was!resuspended!in!THF!(10!mL)!with!stirring!for!a!further!24!hours,!after!which!time!the!product!peaks!for!4.10b!had!disappeared.!NMR!for!4.10b!(C6D6,!298!K)!1H:!δH!=!–9.3!ppm!(t,!1H,!IrH,!2JPH!=!14!Hz),!5.61!(br,!2H,!PCH2N)!(other!resonances!obscured!due!to!presence!4.8b!and!DBU).!31P{1H}:!δP!=!33.5.!!
Reaction!of![HCl(CO)Ir(CyPCNHCP)]PO2F2!([4.9b]PO2F2)!with!DBU!The!complex![HCl(CO)Ir(CyPCNHCP)]PO2F2!(0.024!g,!0.025!mmol)!was!dissolved!in!CDCl3!(1!mL)!and!DBU!(0.01!mL,!0.07!mmol)!added!via!syringe.!An!immediate!colour!change!from!brownishTyellow!to!orangeTred!was!observed.!After!15!min!NMR!spectra!showed!resonances!for!a!major!product!4.11b,!though!this!could!not!be!isolated!cleanly.!The!solvent!was!removed!under!reduced!pressure!and!the!residue!redissolved!in!DCM!for!infrared!spectroscopy.!IR!(DCM,!cmT1):!1993!νCO.!NMR!(CDCl3,!298!K)!1H:!δH!=!4.61!(br!s,!4H,!PCH2N),!7.29T7.25!(series!of!broad!resonances,!naphCH,!6H)!(other!resonances!obscured!due!to!presence!of!DBU!and!other!products).!31P{1H}:!
δP!=!46.2.!
!
Synthesis!of![H2ClIr(CyPCNHCP)]!(4.12b)!The!complex![IrCl(COE)2]2!(0.100!g,!0.112!mmol)!and!CyDHP!(0.133!g,!0.225!mmol)!were!dissolved!in!THF!(15!mL)!with!stirring.!After!3!hrs,!the!solvents!were!removed!under!reduced!pressure,!and!the!residue!washed!with!diethylether!(5!mL)!and!dried!
in1vacuo.!Yield:!0.139!g!(76%).!IR!(KBr,!cmT1):!3056!νaromCH;!2922,!2848!νCH;!1708!νIrH;!1582!νaromCC.!IR!(DCM,!cmT1):!1724!νIrH.!NMR!(C6D6,!298!K)!1H:!δH!=!–6.97!(t,!2H,!IrH,!2JPH!=!16!Hz),!1.17T2.48!(set!of!multiplets,!44H,!C6H11),!3.69!(br!s,!4H,!PCH2N),!6.30!(d,!
CHAPTER!5.!EXPERIMENTAL! 184!2H,!naphCH,!3JHH!=!8!Hz),!7.09!(dd,!2H,!naphCH,!3JHH!=!8!Hz,!3JHH!=!8!Hz),!7.22(d,!2H,!naphCH,!3JHH!=!8!Hz).!13C{1H}:!δC!=!26.5!(C6H11),!27.1!(tv,!C6H11,!JPC!=!6!Hz),!27.7,!28.8!(C6H11)!34.6!(tv,!C6H11,!JPC!=!15!Hz),!53.5!(tv,!PCH2,!1,3JPC!=!14!Hz),!106.2!(naphCH),!117.7!(4C(naph)),!120.4,!127.2!(naphCH),!134.7!(tv,!C1,8(naph),!3,5JPC!=!5!Hz,!(not!all!naphthalene!resonances!identified!due!to!C6D6!overlap,!possible!overlap!of!latter!peak!with!other!4C!peak),!193.7!(IrCcarbene,!coupling!obscured!due!to!poor!signal!to!noise).!31P{1H}:!29.7.!ESITMS!(+ve!Ion,!MeCN):!m/z1=858.3![M!–!H!+!MeCN]+,!817.3![M!–!H]+,!783.4![M!–!Cl]+.!Accurate!Mass:!Found!817.3152![M!–!H]+,!Calcd.!for!C37H5535C14N231P2193Ir!817.3158.!Anal.!Found:!C,!53.72;!H,!5.99;!N,!3.28%.!Calcd.!for:!C37H56ClIrN2P2,!54.30;!H,!6.90;!N,!3.42%.!!Slow!evaporation!of!a!C6D6!solution!of!the!product!yielded!XTray!quality!crystals!of!the!compound![HCl2Ir(CyPCNHCP)]!(4.13b),!which!was!not!detected!in!the!bulk!sample!by!NMR!spectroscopy.!Crystal1data1for!C37H55Cl2IrN2P2.2(C6H6):!Mr!=!1009.16,!triclinic,!P1–1,!a!=!12.3421(4)!Å,1b!=!13.5109(4)!Å,1c!=!14.2016(3)!Å,!α1=!98.4660(19)°,!!β!=!94.790(2)°,!γ1=!100.2717(13)°,!V!=!2290.11(11)!Å3,!Z1=12,!Dx!=!1.3463!Mg!m−3,!μ(Mo!Kα)!=!3.14!mmT1,!T1=!200(2)!K,!pale!yellow!prism,!0.25!x!0.10!x!0.06!mm,!10547!independent!reflections.!F2!refinement,!R1=!0.054,!wR1=!0.103!for!8115!reflections!(I1>12σ(I),12θmax!=!55°),!523!parameters.!
5.4! Catalysis!with![ClRh(PhPCNHCP)]!(4.1a)!Catalytic!testing!was!performed!by!Dr!Michael!J.!Page!at!the!University!of!New!South!Wales,!whose!assistance!is!gratefully!acknowledged.!Procedures!were!as!described!in!the!General!Procedures!(Section!5.1),!except!that!DCM!and!nonTdeuterated!THF!were!obtained!dry!and!under!N2!from!a!solvent!purification!system,!and!THFTd8!was!dried!over!Na/benzophenone!before!being!distilled!under!vacuum!and!stored!under!N2!prior!to!use.!!
Hydrosilylation!of!1,2<diphenylacetylene!1,2TDiphenylacetylene!(37!mg,!0.21!mmol)!and![ClRh(PhPCNHCP)]!(2.9!mg,!4.1!x!10T3!mmol,!2.0!mol%)!were!dissolved!in!DCM!or!THF!(20!mL).!To!this!solution!were!added!approximately!2!equivalents!of!the!desired!silane!(e.g.!Ph2SiH2,!80!µL,!79!mg,!0.43!
CHAPTER!5.!EXPERIMENTAL! 185!mmol).!The!solution!was!then!stirred!at!room!temperature!(DCM)!or!under!reflux!(THF).!To!monitor!reaction!progress,!a!1!mL!aliquot!of!the!solution!was!diluted!in!air!with!hexane!(4!mL)!and!passed!through!a!plug!of!silica!(ca.!2!cm!tall!in!a!glass!pipette)!to!remove!the!catalyst.!The!volatiles!were!then!removed!under!reduced!pressure!and!the!residue!analysed!by!1H!NMR!spectroscopy.!!!
Hydrosilylation!of!acetophenone!!Acetophenone!(34!mg,!0.28!mmol)!and![ClRh(PhPCNHCP)]!(4!mg,!0.006!mmol,!2.0!mol%)!were!dissolved!in!THF!(20!mL).!To!this!solution!was!added!Ph2SiH2!(104!µL,!103!mg,!0.559!mmol).!The!solution!was!then!stirred!at!reflux.!To!analyse!the!reaction!progress!a!1!mL!aliquot!was!added!to!1!M!HCl!(1!mL)!and!left!to!stand!for!5!min!to!hydrolyse!the!initial!silylether!product!to!1Tphenylethanol.!This!solution!was!extracted!with!diethyl!ether!(5!mL),!dried!over!K2CO3!and!filtered!through!a!plug!of!silica.!The!filtrate!was!then!reduced!in!vacuo!to!give!an!oily!residue!that!was!analysed!by!1H!NMR!spectroscopy.!!!
Hydrogenation!of!1,2<diphenylacetylene!!1,2TDiphenylacetylene!(152!mg,!0.853!mmol)!and![ClRh(PhPCNHCP)]!(3!mg,!0.004!mmol,!0.5!mol%)!were!dissolved!in!DCM!(20!mL).!The!solution!was!degassed!via!three!freezeTvacTthaw!cycles!and!1!atm!of!H2!introduced!into!the!head!space!and!the!solution!stirred!at!room!temperature.!To!analyse!the!reactions!progress!a!1!mL!aliquot!was!taken!via!syringe,!diluted!in!air!with!hexane!(4!mL)!and!passed!through!a!plug!of!silica!(ca.!2!cm!tall!in!a!glass!pipette)!to!remove!the!catalyst.!The!volatiles!were!then!removed!under!reduced!pressure!and!the!residue!analysed!by!1H!NMR!spectroscopy!with!conversions!determined!by!comparison!of!the!substrate!and!product!integrals.!!!
Hydroamination!of!4<pentyne<1<amine!!Into!an!NMR!tube!fitted!with!a!Young’s!concentric!Teflon!valve!was!weighed!4TpentyneT1Tamine!(21.4!mg,!0.257!mmol).!This!was!dissolved!in!THFTd8!(ca.!1!mL)!and![ClRh(PhPCNHCP)]!(6.3!mg,!9.0!x!10T3!mmol,!3.5!mol%)!added!to!the!solution.!The!tube!was!then!heated!in!an!oil!bath!maintained!at!60°C.!The!reaction!progress!was!
CHAPTER!5.!EXPERIMENTAL! 186!monitored!by!1H!NMR!spectroscopy!with!conversions!determined!by!comparison!of!the!substrate!and!product!integrals!(relaxation!delay=!20!s).!!
Attempted!dihydroalkoxylation!of!5<(2<(hydroxymethyl)phenyl)pent<4<yn<1<ol!!Into!an!NMR!tube!fitted!with!a!Young’s!concentric!Teflon!valve!was!weighed!5T(2T(hydroxymethyl)phenyl)pentT4TynT1Tol!(29.8!mg,!0.157!mmol).!This!was!dissolved!in!THFTd8!(ca.!1!mL)!and![ClRh(PhPCNHCP)]!(5.3!mg,!7.5!x!10T3!mmol,!4.8!mol%)!added!to!the!solution.!The!tube!was!then!heated!in!an!oil!bath!maintained!at!60°C.!The!reaction!progress!was!monitored!by!1H!NMR!spectroscopy!and!no!change!in!the!starting!material!was!observed.!!
Hydrocarboxylation!of!4<pentynoic!acid!using!only![ClRh(PhPCNHCP)]!Into!an!NMR!tube!fitted!with!a!Young’s!concentric!Teflon!valve!was!weighed!4Tpentynoic!acid!(28.9!mg,!0.295!mmol)!and![ClRh(PhPCNHCP)]!(7.3!mg,!0.010!mmol,!3.5!mol%).!The!solids!were!dissolved!in!THFTd8!(ca.!1!mL)!and!the!tube!heated!in!an!oil!bath!maintained!at!60°C.!The!reaction!progress!was!monitored!by!1H!NMR!spectroscopy!with!conversions!determined!by!comparison!of!the!substrate!and!product!integrals!(relaxation!delay=!20!s).!!
Hydrocarboxylation!of!4<pentynoic!acid!using![ClRh(PhPCNHCP)]!+!Na[BArF4]!Into!an!NMR!tube!fitted!with!a!Young’s!concentric!Teflon!valve!was!weighed!4Tpentynoic!acid!(16.2!mg,!0.165!mmol),![ClRh(PhPCNHCP)]!(4.1!mg,!5.8!x!10T3!mmol,!3.5!mol%)!and!Na[BArF4]!(11!mg,!0.012!mmol).!The!solids!were!dissolved!in!THFTd8!(ca.!1!mL)!and!the!tube!heated!in!an!oil!bath!maintained!at!60°C.!The!reaction!progress!was!monitored!by!1H!NMR!spectroscopy.!!
Hydrocarboxylation!of!4<pentynoic!acid!using![ClRh(PhPCNHCP)]!+!CO!Into!an!NMR!tube!fitted!with!a!Young’s!concentric!Teflon!valve!was!weighed!4Tpentynoic!acid!(16.4!mg,!0.167!mmol)!and![ClRh(PhPCNHCP)]!(4.2!mg,!6.0!x!10T3!mmol,!3.6!mol%).!The!solids!were!dissolved!in!THFTd8!(ca.!1!mL)!and!the!solution!was!degassed!via!two!freezeTvacTthaw!cycles!and!1!atm!of!CO!gas!introduced!into!the!head!
CHAPTER!5.!EXPERIMENTAL! 187!space!of!the!tube.!The!tube!was!then!heated!in!an!oil!bath!maintained!at!60°C.!The!reaction!progress!was!monitored!by!1H!NMR!spectroscopy.!
5.5! Appendix!!
Synthesis!of!1,5<bis(diphenylphosphinomethylamino)naphthalene!(2.17)!A!solution!of!HOCH2PPh2,!prepared!in!situ!from!paraformaldehyde!(0.190!g,!6.33!mmol)!and!HPPh2!(1.1!mL,!6.3!mmol),!in!THF!(15!mL)!was!treated!with!1,5Tdiaminonaphthalene!(0.500!g,!3.16!mmol)!and!the!pale!brown!solution!stirred!for!19!hrs.!The!product!formed!as!a!white!precipitate,!which!was!separated!from!the!supernatant!via!cannula!filtration,!washed!with!THF,!and!dried!in1vacuo!to!give!a!clean!powder!suitable!for!microanalysis.!Yield:!1.255!g!(72%).!IR!(KBr,!cmT1):!3053!νaromCH;!1584,!1530,!1433,!1423!νaromCC.!NMR!(CD2Cl2,!298!K)!1H:!δH!=!3.99!(d,!4H,!PCH2,!2JPH!=!5!Hz),!6.81!(d,!2H,!naphCH,!3JHH!=!7!Hz),!6.97!(d,!2H,!naphCH,!3JHH!=!9!Hz),!7.29!(dd,!2H,!naphCH,!3JHH!=!8!Hz,!3JHH!=!8!Hz)!7.25T7.45!(set!of!multiplets,!20H,!C6H5).!13C{1H}:!δC!=!35.7!(d,!PCH2,!1JPC!=!3!Hz),!105.6!(naphCH),!109.5!(4C(naph)),!124.4!(naphCH),!125.8!(naphCH),!129.1!(d,!CH(C6H5),!3JPC!=!7!Hz),!129.4!(CH(C6H5)),!133.3!(d,!CH(C6H5),!2JPC!=!18!Hz).!Some!4C!resonances!could!not!be!unambiguously!identified!due!to!poor!signal!to!noise.!31P{1H}:!δP!=!–18.6.!ESITMS!(+ve!Ion,!MeCN):!m/z!=!593.2![M!+!K]+,![577.2![M!+!Na]+,!553.2![M!–!H]+.!Accurate!Mass:!Found!553.1963![M!–!H]+,!Calcd.!for!C36H3114N231P2!553.1969.!Anal.!Found:!C,!78.00;!H,!5.78;!N,!4.72%.!Calcd!for!C36H32N2P2:!C,!77.96;!H,!5.82;!N,!5.05%.!!!Crystals!of!the!product!suitable!for!XTray!diffraction!were!obtained!by!slow!diffusion!of!diethyl!ether!into!a!THF!solution!of!the!reaction!mixture!of!a!separate!experiment!(see!Section!2.3.1!for!details).!Crystal1data1for!C36H32N2P2:!Mr!=!554.61,!triclinic,!P1–1,1a!=!7.0944(2)!Å,!b1=!8.8561(4)!Å,!c1=!12.0991(6)!Å,!α!=!78.279(2)°,!β!=86.832(3)°,!γ!=!79.942(3)°,!V1=!732.73(5)!Å3,!Z1=!1,!Dx!=!1.257!Mg!m−3,!μ(Mo!Kα)!=!0.18!mmT1,!T1=!200(2)!K,!colourless!plate,!0.30!x!0.22!x!0.04!mm,!2687!independent!reflections.!F21refinement,!R1=!0.058,!wR1=!0.144!for!2291!reflections!(I1>12σ(I),12θmax!=!50°),!182!parameters.!!
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Synthesis!of!BH3.Ph2PCH2OH!A!solution!of!HOCH2PPh2,!prepared!in!situ!from!paraformaldehyde!(0.629!g,!20.9!mmol)!and!HPPh2!(3.3!mL,!19!mmol)!in!THF!(40!mL)!was!treated!dropwise!with!boraneTdimethyl!sulfide!(2.00!mL,!21.1!mmol)!and!the!mixture!stirred!for!2.5!hrs.!Subsequent!manipulations!were!performed!in!air.!The!reaction!was!quenched!with!1.0!M!hydrochloric!acid!(22!mL),!and!the!mixture!transferred!to!a!separating!funnel.!The!THF!and!aqueous!phases!were!separated,!and!the!aqueous!phase!extracted!three!times!with!50!mL!portions!of!DCM.!The!DCM!and!THF!phases!were!combined!and!washed!with!brine!(80!mL).!The!organic!phase!was!dried!over!anhydrous!sodium!sulfate,!filtered,!and!freed!of!solvent!under!in1vacuo.!The!resulting!colourless!oil!was!chromatographed!on!silica!using!1:1!ethyl!acetate/nThexane!as!eluent.!The!product!was!obtained!as!a!colourless!oil.!Yield:!3.665!g!(85%).!NMR!(CDCl3,!298!K)!1H:!δH!=!0.57T1.71!(v!br,!3H,!BH3),!2.65!(br!s,!1H,!OH),!4.40!(s,!2H,!CH2),!7.42T7.47!(m,!4H,!C6H5),!7.49T7.53!(m,!2H,!C6H5),!7.71T7.76!(m,!4H,!C6H5).!13C{1H}:!δC!=!60.5!(d,!CH2,!1JPC!=!41!Hz),!126.8!(d,!C1(C6H5),!1JPC!=!55!Hz),!129.1!(d,!C2,6(C6H5),!2JPC!=!10!Hz),!131.8!(d,!C4(C6H5),!4JPC!=!2!Hz),!132.9!(d,!C3,5(C6H5),!3JPC!=!9!Hz).!11B{1H}:!δB!=!–41.0!(d,!1JPB!=!51!Hz).!31P{1H}:!δP!=!17.8!(br!m).!ESITMS!(+ve!Ion,!MeCN):!253.4![M!+!Na]+,!229.3![M!–!H]+,!199.3![M!–!CH2OH]+.!Accurate!Mass:!Found!229.0956![M!–!H]+,!Calcd.!for!C13H1511B16O31P!229.0954.!!
Synthesis!of!BH3.Ph2PCH2OTs!(A.1)!A!solution!of!BH3.Ph2PCH2OH!(0.150!g,!0.652!mmol)!in!THF!(3!mL)!was!cooled!to!0°C!and!transferred!to!a!flask!containing!NaH!(60%!dispersion!in!mineral!oil,!0.52!g,!1.30!mmol),!also!cooled!to!0°C.!The!resulting!clear!solution!was!stirred!for!30!min,!followed!by!addition!of!tosyl!chloride!(0.248!g,!1.30!mmol).!The!mixture!was!stirred!for!a!further!30!min!at!0°C,!then!allowed!to!warm!to!ambient!temperature!and!stirred!for!a!further!1.5!hrs.!The!reaction!was!then!quenched!gradually!with!water!in!air,!and!the!mixture!transferred!to!a!separating!funnel!and!extracted!three!times!with!3!mL!portions!of!ethyl!acetate.!The!ethyl!acetate!phases!were!combined,!washed!with!brine!(3!mL)!and!dried!over!anhydrous!sodium!sulfate.!After!filtration,!the!filtrate!was!freed!of!solvent!in1vacuo.!The!residue!was!chromatographed!on!silica!using!first!1:7!ethyl!acetate/nThexane!as!eluent,!then!100%!ethyl!acetate!to!collect!the!product.!Solvent!
CHAPTER!5.!EXPERIMENTAL! 189!removal!in1vacuo!resulted!in!a!colourless!oil,!which!crystallised!on!standing.!Yield:!0.208!g!(83%).!IR!(KBr,!cmT1):!3052!νaromCH;!2983,!2923,!2852!νCH;!2410,!2398!νBH;!1368,!1176!νSO2.!NMR!(C6D6,!298!K)!1H:!δH!=!1.14T1.97!(v!br,!3H,!BH3),!1.75!(s,!3H,!CH3),!4.72!(d,!2H,!CH2,!2JPH!=!2!Hz),!6.52!(d,!2H,!C6H4,!3JHH!=!8!Hz),!6.90T6.99!(m,!6H,!C6H5),!7.43!(d,!2H,!C6H4,!3JHH!=!8!Hz),!7.60T7.67!(m,!4H,!C6H5).!13C{1H}:!δC!=!20.1!(CH3),!65.2!(d,!CH2,!1JPC!=!37!Hz),!126.2!(d,!C1(C6H5),!1JPC!=!56!Hz),!128.3!(CH(C6H4)),!129.1!(d,!C2,6(C6H5),!2JPC!=!10!Hz),!129.9!(CH(C6H4)),!131.9!(d,!C4(C6H5),!4JPC!=!2!Hz),!132.3!(4C(C6H4)),!133.3!(d,!C3,5(C6H5),!3JPC!=!10!Hz),!144.9!(4C(C6H4)).!11B{1H}:!δB!=!–40.2!(br).!31P{1H}:!δP!=!19.9!(br!m).!ESITMS!(+ve!Ion,!MeCN):!423.2![M!+!K]+,!407.3![M!+!Na]+,!383.3![M!–!H]+,!199.3![M!–!CH2OTs]+.!Accurate!Mass:!Found!407.1017![M!+!Na]+,!Calcd.!for!C20H2211B16O331P32S!407.1018.!Anal.!Found:!C,!62.84;!H,!5.43;!N,!0.00%.!Calcd.!for!C20H22BO3PS:!C,!62.52;!H,!5.77;!N,!0.00%.!Crystal1data1for!C20H22BO3PS:!Mr!=!384.24,!monoclinic,!P21/n,!a!=!11.4172(2)!Å,1b!=!14.2061(5)!Å,1c!=!12.8813(3)!Å,!β!=!106.7681(16)°,V!=!2000.43(9)!Å3,!Z1=14,!Dx!=!1.276!Mg!m−3,!μ(Mo!Kα)!=!0.26!mmT1,!T1=!200(2)!K,!colourless!block,!0.38!x!0.30!x!0.19!mm,!4744!independent!reflections.!F2!refinement,!R1=!0.047,!wR1=!0.107!for!3915!reflections!(I1>2σ(I),12θmax!=!56°),!235!parameters.!
5.6!! Computational!details!Computational!work!was!performed!by!Dr!Manab!Sharma,!whose!assistance!is!gratefully!acknowledged.!!All!computational!work!was!performed!using!Gaussian!09.15!The!geometries!of!all!complexes!have!been!optimized!at!the!DFT!level!of!theory!using!the!exchange!functional!of!Becke16!in!conjunction!with!the!correlation!functional!of!Perdew17,18!(BP86).!The!Stuttgart!basis!set!in!combination!with!the!60TcoreTelectron!relativistic!effective!core!potential!(SDD)19!was!used!for!Ru;!6T31G(d)20!basis!sets!were!used!for!all!other!atoms!and!this!combination!is!referred!to!as!BS1.!Frequency!calculations!were!carried!out!in!the!same!level!of!theory!in!gas!phase.!Single!point!energy!calculations!were!carried!out!for!all!structures!with!a!larger!basis!set,!Def2TTZVPP!basis!set!on!Ru,21!and!the!6T311+G(2d,p)!basis!set!on!other!atoms.!All!thermodynamic!data!were!calculated!at!the!standard!state!(298.15!K!
CHAPTER!5.!EXPERIMENTAL! 190!and!1!atm).!NonTexplicit!solvent!effects!were!also!tested!with!the!PCM!(SCRF)!model22!using!dichloromethane!as!solvent.!
5.7!! Typical!Infrared!Spectra!To!give!an!idea!of!the!recurrent!infrared!spectral!signatures!of!the!pincer!ligands,!representative!spectra!for!dppB,!PhCNHCP!and!CyCNHCP!are!shown!below.!These!spectra!are!of!complexes!whose!coTligands!should!not!have!overlapping!spectral!signatures.!
!
Figure15.1:1Infrared1spectrum1of1complex1[H(CO)2Ru(dppB)]1in1KBr1(2.6)1
!
Figure15.2:1Infrared1spectrum1of1complex1[ClRh(PhPCNHCP)]1in1KBr1(4.1a)++
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!
Figure15.3:1Infrared1spectrum1of1complex1[ClRh(CyPCNHCP)]1in1KBr1(4.1b)1
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A1! Calculations!from!Dynamic!NMR!Experiments1!!From!the!variable!temperature!NMR!experiments,!the!rate!constants!associated!with!the!two!exchanging!nuclei!were!determined!from!the!line!widths!at!each!temperature!for!which!the!resonances!were!well!defined,!using!the!following!equations:!! k1=!!(∆We)! ! when!exchange!is!slow!! k!=!!(!")!!(∆!!)! ! when!exchange!is!fast!where!the!terms!are!defined!as!follows:!! k! ! ! rate!constant!ΔWe!=!W!–!W0! exchange!broadening!(Hz)!W! ! ! line!width!at!half!height!of!exchangeTbroadened!peak!!!W0! ! ! line!width!at!half!height!the!absence!of!exchange!
δν!=!νA1,1νB! ! frequency!difference!between!sites!in!exchange!(Hz)!
J!coupling!values!were!subtracted!from!peak!widths!as!necessary.!!An!estimate!of!the!Gibbs!free!energy!of!activation,!ΔG‡,!could!then!be!calculated!at!each!temperature!using!the!Eyring!equation:!! k!=!! !!!! ∙ !!∆!‡ !"! or! ΔG‡!=!RT[ln(k! h)!+!ln(T !)]!!where!! kB!=!1.3806!x!10T23!J/K! Boltzmann!constant!! h!=!6.6261!x!10T34!J.s! ! Planck’s!constant!! R!=!8.3144!J/mol.K! ! universal!gas!constant!! !!=!1! ! ! ! transmission!coefficient!Arrhenius!plots!of!ln(k)!vs.!1/T!were!used!to!obtain!the!activation!energy,!Ea,!using!the!Arrhenius!equation:!! k!=!! ∙ !!!! !"! or! ln(k)!=!–Ea/RT!+!lnA1where!A1is!the!frequency!factor.!Eyring!plots!of!ln(k/T)!vs.!1/T!were!used!to!obtain!estimates!of!the!enthalpy!of!activation,!ΔH‡,!and!entropy!of!activation,!ΔS‡,!using!the!equation:!! k!=!!!!! ∙ !!(∆!‡! !!∆!‡) !"! or! ln(! T)!=!!ln(k! h)!–!∆!‡!" !!+!∆!‡! !
APPENDIX! 195!Standard!deviations!quoted!for!Ea,!ΔH‡!and!ΔS‡!were!calculated!from!the!plots!using!the!least!squares!method.!
A1.1! Complex!2.15,!Section!2.2.10!The!rate!constants!and!ΔG‡!values!calculated!from!the!variable!31P{1H}!NMR!experiments!are!given!in!Table!A!1.!From!this,!the!average!ΔG‡!value!is!48.1!kJ/mol!with!a!standard!deviation!of!1.8!kJ/mol.!
Table1A1111
Temperature!(K)! Rate!(Hz)! ΔG‡!(kJ/mol)!213! 4.17!23.6!265!3.70!x!105!1.31!x!106!1.94!x!106!
49.0!50.5!49.9!46.4!45.6!47.1!
233!253!333!353!373!!The!Arrhenius!plot!is!shown!in!Figure!A!1.!From!the!calculated!line!of!best!fit:!!Ea!=!6915.4!x!R!=!57.5(2.2)!kJ/mol!!
Figure1A11:1Arrhenius1Plot1
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APPENDIX! 196!The!Eyring!plot!is!shown!in!Figure!A!2.!From!the!calculated!line!of!best!fit:!! ΔH‡!=!6635.6!x!R!=!55.2(2.2)!kJ/mol!! ΔS‡!=![26.664!–!ln(k! h)]!x!R!=!24.1(8.0)!J/mol∙K!
Figure1A12:1Eyring1Plot1
!
A1.2! Complex!3.2a,!Section!3.3!The!rate!constants!and!ΔG‡!values!calculated!from!the!variable!31P{1H}!NMR!experiments!are!given!in!Table!A!2.!From!this,!the!average!ΔG‡!value!is!44.0!kJ/mol!with!a!standard!deviation!of!1.7!kJ/mol.!
Table1A121
Temperature!(K)! Rate!(Hz)! ΔG‡!(kJ/mol)!198!213!228!318!
6.01!38.2!126!8.81!x!105!1.77!x!106!
44.9!45.1!46.2!41.9!42.0!333!!The!Arrhenius!plot!is!shown!in!Figure!A!3.!From!the!calculated!line!of!best!fit:!!Ea!=!6358.4!x!R!=!52.9(2.3)!kJ/mol!!
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Figure1A13:1Arrhenius1Plot1
!The!Eyring!plot!is!shown!in!Figure!A!4.!From!the!calculated!line!of!best!fit:!! ΔH‡!=!6101.3!x!R!=!50.7!(2.3)!kJ/mol!! ΔS‡!=![26.885!–!ln(k! h)]!x!R!=!26.0!(9.3)!J/mol∙K!!
Figure1A14:1Eyring1Plot1
!
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A2! Synthesis!of!1,5<bis(diphenylphosphinomethylamino)naphthalene!
(compound!2.17,!Section!2.3.1)!Compound!2.17!could!be!readily!prepared!by!reaction!of!HOCH2PPh2!with!1,5Tdiaminonapthalene!in!THF!(Scheme!A!1).!The!product!formed!as!a!white!precipitate,!which!could!be!isolated!via!filtration!to!give!a!72%!yield.!
!
Scheme1A11:1Synthesis1of1compound12.17.1The!NMR!spectra!of!the!precipitate!were!consistent!with!the!crystals!of!2.17!that!had!been!obtained!previously!(see!Section!2.3.1).!A!highTfield!singlet!resonance!for!the!product!was!observed!in!the!31P{1H}!NMR!spectrum!at!–18.6!ppm,!while!the!PCH2!protons!appeared!in!the!1H!spectrum!as!a!doublet!at!δH!=!3.99!(2JPH!=!5!Hz).!Mass!spectra!and!microanalytical!data!also!supported!the!formulation!of!2.17.!! The!crystal!structure!of!2.17!is!shown!in!Figure!A!5.!A!crystallographic!centre!of!inversion!is!located!at!the!centre!of!the!C5–C5!bond.!The!N1–C!bond!lengths!are!slightly!shorter!than!the!equivalent!distances!in!the!DHP!compounds!3.1a,b!from!Chapter!3,!while!the!C1–N1–C6!angle!is!very!close!to!the!ideal!120°!for!a!trigonal!pyramidal!geometry!around!N1.!
!
Figure1A15:1Molecular1structure1of12.171(thermal1ellipsoids1shown1at150%).1Selected1bond1lengths1
(Å)1and1angles1(deg):1C1–N11=11.382(3),1N1–C61=11.443(3),+C1–N1–C61=1120.6(2).++!
OHPh2P
NH2
2 +
HN
NH
PPh2
Ph2P
H2N
THF
APPENDIX! 199!Given!the!evidence!that!the!first!step!of!our!procedure!was!not!forming!the!desired!product,!we!explored!inverting!the!borane!and!sideTarm!installation!steps.!!
A3! Reaction!of!HB(dan)!with!a!(Hydroxyalkyl)phosphine!!After!several!efforts!to!prepare!a!naphthaleneTbased!analogue!of!dppBH!using!the!NozakiTYamashita!preparation!proved!unsuccessful,!a!further!attempt!involved!the!direct!reaction!between!HOCH2PPh2!and!1,8Tnaphthalenediaminatoborane!(HB(dan),!Scheme!A!2)!did!not!appear!to!yield!the!desired!product.!The!major!peaks!in!the!31P!NMR!spectrum!corresponded!to!HOCH2PPh2!(δP!=!–9.9,!C6D6),!with!another!significant!peak!appearing!at!δP!=!–14.3.!However,!several!other!resonances!indicated!additional!products,!and!attempts!to!isolate!and!compounds!from!the!resulting!mixture!were!unsuccessful.!Given!that!much!of!the!(hydroxymethyl)phosphine!remained!unconsumed,!as!well!as!the!observed!evolution!of!gas,!we!might!suggest!that!a!reaction!between!the!alcohol!and!the!boron!centre!had!occurred!to!form!a!B–OPPh2!functionality!with!loss!of!H2.!!
!
Scheme1A12:1Reaction1of1HB(dan)1and1HOCH2PPh2.1
A4!! Side<arm!Installation!Attempts!Using!Chloro<!and!
Tosylatoalkylphosphines!Given!the!tendency!of!HO–!to!be!a!poor!leaving!group,!the!replacement!of!the!hydroxyl!group!with!a!chloride!or!tosylate!in!reactions!with!HB(dan)!or!1,8Tdiaminonaphthalene!was!proposed!in!order!to!favour!the!desired!amine!functionalization.!!A!direct!reaction!between!HB(dan)!and!chloromethyldiphenylphosphine!was!found!to!be!slow!at!room!temperature,!so!the!mixture!was!heated!to!reflux!in!chloroform!to!yield!a!major!phosphorusTcontaining!product!with!a!31P!NMR!resonance!around!–26!ppm.!The!1H!NMR!spectrum!of!the!reaction!mixture,!however,!was!much!
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APPENDIX! 200!less!clean!than!the!31P{1H}!spectrum,!and!when!this!product!was!isolated!its!1H!NMR!proved!to!be!consistent!with!that!of!methyldiphenylphosphine!(Scheme!A!3).!!
!
Scheme1A13:1Reaction1of1HB(dan)1with1ClCH2PPh2.1Another!experiment!involved!the!treatment!of!HB(dan)!with!nTbutyllithium,!followed!by!addition!of!chloroethyldiphenylphosphine.!However,!there!was!no!reaction!of!chloroalkylphosphine!evident!in!the!31P!NMR!spectrum!after!24!hours.!The!use!of!a!tosylate!leaving!group!involved!first!generating!the!phosphineTborane!compound!(TsOCH2)Ph2P.BH3.!Borane!coordination!of!the!phosphine!was!found!to!be!necessary!to!convert!the!hydroxyl!group!of!!the!corresponding!(hydroxymethyl)phosphine!to!a!tosylate,!given!that!reaction!of!the!nonTboraneTcoordinated!compound!HOCH2PPh2!with!tosyl!chloride!generated!a!complex,!fibrous!reaction!mixture,!indicating!polymerisation.!The!phosphineTborane!(TsOCH2)Ph2P.BH3!(A.1)!has!not!been!reported!in!the!literature!to!date,!to!our!knowledge,!and!details!of!its!synthesis!and!complete!characterisation!is!given!below.!
!
Scheme1A14:1Reaction1of11,8,diaminonaphthalene1with1A.1.1Compound!A.1!was!then!combined!with!1,8Tdiaminonapthalene!in!benzene!(Scheme!A!4).!Very!little!change!had!occurred!after!stirring!overnight,!so!the!reaction!mixture!was!heated!to!refluxing!temperature.!When!the!NMR!spectra!indicated!that!all!the!starting!materials!had!been!consumed,!the!reaction!mixture!showed!a!broad!major!peak!in!the!31P!NMR!spectrum!appearing!at!ca.!30!ppm,!though!other!products!were!also!evident.!When!the!reaction!mixture!was!chromatographed!on!silica!this!major!product!did!not!appear!in!any!of!the!fractions!collected.!Crude!purification!was!achieved!by!extracting!the!reaction!mixture!with!THF!followed!by!addition!of!nThexane!to!afford!a!precipitate.!However,!the!1H!NMR!spectrum!of!the!precipitate!did!
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APPENDIX! 201!not!display!any!significant!peaks!in!the!region!from!2.0T6.5!ppm,!suggesting!that!this!product!did!not!contain!any!naphthylTNH!or!PCH2N!groups.!A!doublet!peak!at!1.61!ppm!with!J!=!13!Hz!may!indicate!the!presence!of!a!phosphorusTbound!methyl!group.!No!plausible!existing!compounds!could!be!found!in!the!literature!that!matched!these!data!and!it!was!speculated!that!this!product!could!be!some!derivative!of!methyldiphenylphosphineTborane.!!
A5! Synthesis!of!TsOCH2PPh2.BH3!!As!noted!above,!the!reaction!of!(hydroxymethyl)diphenylphosphine!with!tosyl!chloride!did!not!yield!the!desired!monomeric!tosylate,!showing!evidence!of!polymerisation.!Protection!of!the!phosphine!was!therefore!achieved!by!reaction!of!HOCH2PPh2,!generated!in!situ!from!paraformaldehyde!and!diphenylphosphine,2!with!boraneTdimethyl!sulfide!to!give!(hydroxymethyl)diphenylphosphineTborane!(Scheme!A!5a).!This!compound!has!been!previously!reported!in!the!literature,3!though!was!prepared!by!a!slightly!different!method!in!which!diphenylphosphine!is!first!treated!with!boraneTdimethyl!sulfide,!followed!by!reaction!with!excess!formaldehyde!in!the!presence!of!potassium!hydroxide.!Though!most!NMR!data!were!reported,!the!11B!NMR!shift!was!not!given,!which!we!located!at!–41.0!ppm!(d,!1JPB!=!51!Hz),!close!to!shift!of!–41.2!ppm!reported!for!the!similar!compound!bis(hydroxymethyl)phenylphosphineTborane.4!Other!than!this,!most!of!our!data!correlated!well!with!the!literature,!apart!from!the!31P!shift!of!δP!=!17.8,!which!differs!significantly!from!the!reported!value!of!δP!=!27.7.!However,!the!NMR!and!mass!spectral!data!support!the!formation!of!HOCH2PPh2.BH3,!as!does!the!reaction!of!this!product!with!tosyl!chloride!(vide1infra).!!
!
!
Scheme1A15:1(a)1Preparation1of1HOCH2PPh2.BH3;1(b)1preparation1of1TsOCH2PPh2.BH31(A.1).1!
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APPENDIX! 202!! Treatment!HOCH2PPh2.BH3!with!sodium!hydride!followed!by!reaction!with!tosyl!chloride!generated!compound!A.1!(Scheme!A!5b),!with!an!isolated!yield!of!83%.!The!replacement!of!the!hydroxyl!proton!with!a!tosyl!group!was!evident!from!the!1H!NMR!spectrum,!with!the!tosyl!group!observed!as!a!singlet!at!1.75!ppm!(CH3)!and!two!doublets!at!6.52!and!7.43!(C6H4,!3JHH!=!8!Hz).!A!broad!multiplet!resonance!was!observed!in!the!31P{1H}!NMR!spectrum!at!δP!=!19.9,!while!a!broad!11B{1H}!resonance!was!located!at!δB!=!–40.2.!The!infrared!spectrum!showed!characteristic!bands!for!borane!and!tosyl!groups!at!2410,!2398!(νBH)!and!1368,!1176!(νSO2)!cmT1!respectively.!Mass!spectra!and!microanalytical!data!also!supported!the!formulation!of!A.1.!Furthermore,!the!compound!readily!formed!crystals!on!standing,!XTray!diffraction!of!which!gave!the!molecular!structure!shown!in!Figure!A!6.!The!P–B!bond!distance!is!equal!to!the!sum!of!the!covalent!radii!of!phosphorus!(107!pm)!and!boron!(84!pm),!within!error,!and!the!other!bond!lengths!and!angles!are!similarly!unremarkable.!
!
Figure1A16:1Molecular1structure1of1A.11(thermal1ellipsoids1shown1at150%).1Selected1bond1lengths1
(Å)1and1angles1(deg):1P1–B11=11.902(2),1P1–C131=11.8321(19),1C13–O11=11.449(2),1B1–P1–C131=1
112.12(11),1P1–C13–O11=1106.83(13),1C13–O1–S11=1116.47(12).11
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